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INTRODUCTION 

The  human  MDM2  (Hdm2)  protein  is  overexpressed  in  one-third  of  benign  breast  lesions 
and  two-thirds  of  malignant  lesions.  As  Hdm2  normally  causes  rapid  p53  turnover  and  reduces 
p53  transactivation,  heightened  Hdm2  levels  will  therefore  inhibit  p53-mediated  cell-cycle  arrest 
and  apoptosis.  We  have  found  a  novel  interaction  between  Hdm2  and  nucleolin,  an  abundant 
nucleolar  protein,  and  this  interaction  apparently  inhibits  Hdm2  activity.  The  hypothesis  to  be 
tested  in  our  studies  is  that  nucleolin  normally  serves  to  inhibit  Hdm2  activity  in  vivo.  Increases 
in  nucleolin  protein  levels  will  therefore  inhibit  Hdm2  ubiquitination  activity,  p53  nuclear 
exclusion,  and  ERa  activity.  The  objective  of  the  proposed  work  is  to  characterize  the  nucleolin- 
Hdm2  interaction  and  to  understand  the  modulation  of  Hdm2  activities  by  nucleolin.  The 
specific  Aims  of  the  project  are:  (1)  To  identify  the  domains  on  both  nucleolin  and  Hdm2 
necessary  for  interaction,  (2)  to  examine  the  effect  of  nucleolin  on  the  ubiquitin  ligase  activity  of 
Hdm2  for  itself  and  for  p53,  (3)  to  examine  the  effect  of  nucleolin  on  the  Hdm2-mediated 
nuclear  exclusion  of  p53,  and  on  Hdm2  localization,  and  (4)  to  characterize  the  effect  of 
nucleolin  on  ERa  activity  and  Hdm2-ERa  complex  formation  in  vivo. 


BODY 

Over  the  past  four  years,  we  have  made  significant  progress  analyzing  the  effect  of  nucleolin 
on  the  Hdm2  ubiquitin  ligase  activity.  The  key  experimental  findings  are  described  below: 


Tasks  1  and  2 

Identification  of  Hdm2  and  nucleolin  domains  required  for 
nucleolin-Hdm2  complex  formation.  We  have  identified  the 
domains  on  nucleolin  that  interact  with  Hdm2  and  p53,  and  the 
domains  on  Hdm2  that  bind  to  nucleolin.  The  effort  was 
somewhat  complicated  by  the  fact  that  the  nucleolin-Hdm2 
interaction  uses  multiple  domains  on  each  protein.  Our  approach 
used  a  combination  of  co-immunoprecipitation  (in  vivo),  GST- 
binding  assays,  and  Far  Western  analysis,  using  a  variety  of 
nucleolin  truncation  mutants  (the  GST-tagged  variants  are  shown  in 
Fig.  1).  A  representative  Far  Western  experiment  is  shown  (Fig.  2). 

In  this  experiment,  we  detected  binding  to 


Figure  1 .  Constructs  used  to 
examine  nucleolin  binding  to 
Hdm2. 
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Figure  2.  Far  Western  analysis  of 
the  nucleolin  domains  that  bind 
Hdm2. 


Hdm2  both  by  the  nucleolin  N-terminal  domain,  and  the  C-terminal 
domain.  Note  that  no  significant  binding  by  the  extreme  C-terminal 
GAR  domain  was  observed.  From  these  and  other  studies,  we  have 
concluded  that  both  the  N-terminal  and  RBD  regions  of  nucleolin  bind 
Hdm2. 

Rather  than  providing  a  blow-by-blow  description  of  our 
interaction  studies,  we  observed  the  following  interactions: 

•  The  nucleolin  GAR  domain  interacts  with  the  p53  C-terminal 
regulatory  domain  (the  p53  domain  was  originally  identified  by 
Daniely  et  al.  (2002)). 

•  Nucleolin  N-terminal  domain  and  RBD  domains  bind 
the  p5  3 -binding  domain  of  Hdm2  (1-110),  and  the  Hdm2 
Ring  domain  (410-490). 
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•  Differential  effect  of  nucleolin  mutants  on  p53  stability.  We 

have  tested  various  nucleolin  fragments  to  examine  the  effect  on  p53 
levels.  Along  with  a  full-length  nucleolin  control  (NCL-FL),  we  also 
employed  a  construct  that  contains  the  N-terminal  portion  of 
nucleolin  including  the  four  RNA-binding  domains  (NCL- 
RBDs),  and  the  C-terminal  GAR  domain  (NCL-GAR). 


NCL-FL  NCL-RBDs  NCL-GAR 


Figure  3.  Effect  of  nucleolin 
domains  on  p53  levels  in  vivo. 


Interestingly,  the  two  nucleolin  mutants  had  opposite  effects  (Fig.  3).  The  RBD  construct  was 
found  to  cause  elevated  p53  levels  compared  to  similar  concentrations  of  the  transfected  full- 
length  construct.  The  GAR  domain  actually  appeared  to  depress  the  amount  of  p53  compared  to 
wild-type  nucleolin.  Combined  with  our  binding  studies  (above),  these  data  indicate  that 
nucleolin  has  multiple  effects  on  Hdm2  activity  via  distinct  domains.  That  is,  binding  of  the 
nucleolin  RBD  to  Hdm2  has  strong  stabilizing  effects  on  p53.  In  contrast,  the  GAR  domain  alone 
destabilizes  p53.  In  the  context  of  the  complete  molecule,  an  overall  stabilization  of  p53  is  noted. 
These  data  suggest  that  changes  in  the  conformation  of  nucleolin  (which  we  find  occurs  as  a 
result  of  nucleolin  phosphorylation;  data  not  shown)  could  modulate  the  ability  of  nucleolin  to 
control  Hdm2  activity. 


These  studies,  combined  with  the  in  vitro  ubiquitination  experiments  described  below  (p.  12 
and  13),  are  now  being  prepared  for  submission  in  the  near  future  (Bhatt  et  al.  2007.  Nucleolin 
inhibits  Hdm2-mediated  p53  ubiquitination  through  multiple  nucleolin-Hdm2  interactions.). 
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2.2  3.6  5.3 

Task  3 

•  Nucleolin  over-expression 
increases  p53  protein  levels.  We 

characterized  the  effect  of 
nucleolin  on  p53  protein  levels  in 
cells  that  normally  express  wild- 
type  p53  (U2-OS,  HCT1 16- wt)  or 
in  p53-null  cell  lines  (HI 299  or 
HCT1 16-ko)  transfected  with 
wild-type  p53.  We  employed 
tagged-nucleolin  constructs  that  have  properties 
that  are  identical  to  those  of  endogenous  nucleolin, 
including  intracellular  localization  and  ability  to 
associate  with  RPA  following  genotoxic  stress  ( /).  Transfection  of 
U2-OS  cells  with  increasing  levels  of  a  plasmid  expressing  GFP- 
tagged  nucleolin  (GFPNu)  was  found  to  raise  p53  levels  nearly  4- 
fold  relative  to  mock-transfected  cells  and  nearly  to  the  level  of 
p53  found  in  cells  treated  with  proteasome  inhibitor  MG  132  (Fig. 
4A).  Transient  or  stable  expression  of  nucleolin  also  increased  the 
level  of  p53  in  HCT1 16- wt  cells  (Fig.  4B)  and  in  other  cell  lines 
(data  not  shown). 

•  Nucleolin  does  not  cause  p53  activation  in  non-stressed 
cells.  Although  we  invariably  over-express  nucleolin  only  a 
maximum  2-fold  over  basal  levels,  it  is  possible  that  even  a  slight 
increase  in  nucleolin  expression  results  in  genotoxic  stress,  leading 
to  p53  activation  and  stabilization.  A  hallmark  of  human  p53 
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Figure  4.  Nucleolin  over-expression  increases 
p53  protein  levels. 
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Figure  5.  Effect  of  nucleolin  on  p53 
activation  in  unstressed  cells. 


activation  is  phosphorylation  of  Serl5  by  members  of  the  PIKK  family.  Testing  the  status  of 
Serl5,  nucleolin  increased  the  total  p53  level  by  twofold,  and  the  level  of  pSerl5-p53  remained 
unaltered  (Fig.  5;  lanes  1  and  3;  see  also  darker  exposure).  A  parallel  increase  in  endogenous 
p21cipi/wafi  protein  levels  was  also  observed  (additional  p53-downstream  targets  are  examined  in 
more  detail  below).  In  contrast,  when  cells  transfected  with  GFPc  (empty  vector)  or  GFPNu  were 
treated  with  the  DNA-damaging  agent  camptothecin  (CPT),  similar  increases  in  both  the  total 
and  pSerl5-p53  were  noted  (lanes  2  and  4).  These  data  A 

indicate  that  nucleolin  increases  p53  levels  in  a  pathway,  at 
least  in  part,  distinct  from  that  utilized  by  cells  undergoing 
genotoxic  stress. 
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•  Down-modulation  of  nucleolin  reduces  p53  levels.  To 

more  clearly  show  that  nucleolin  causes  coordinate  changes  in 
the  level  of  p53,  we  employed  two  different  nucleolin-specific 
short-interfering  RNA  (siRNA)  molecules,  siNul  and  siNu2 
to  down-modulate  nucleolin  levels.  Twenty-four  hours  post¬ 
transfection,  both  siNul  and  siNu2  molecules  reduced  the 
amount  of  nucleolin  protein  to  20%  and  40%,  respectively,  of 
that  observed  in  cells  treated  with  a  control  siRNA  molecule 
directed  against  luciferase  (siLuc)  (Fig.  6A;  compare  lanes  2 
and  5  with  lane  1).  Control  experiments  found  that  the  level  of 
nucleolin  in  untransfected  cells  was  similar  to  that  detected  in 
siLuc-treated  cells  (compare  lanes  1  and  8).  Reductions  in  the  sin 
amount  of  p53  comparable  to  that  of  nucleolin  were  observed 
when  p53  was  examined  by  Western  (Fig.  6A).  Similar  effects 
were  seen  by  immunofluorescence  microscopy  (Fig.  6B).  Using 
either  siRNA  molecule,  cells  with  reduced  nucleolin  staining  were 
also  found  to  be  deficient  in  p53.  Overall,  we  find  that  alterations 
in  the  level  of  nucleolin  cause  parallel  changes  in  the  amount  of  p53  protein. 


merge 


Figure  6.  Effect  of  nucleolin  down- 
modulation  on  p53  levels. 


•  Nucleolin  regulates  the  half-life  of  p53.  Because 
p53  levels  are  primarily  governed  through  the 
regulation  of  p53  stability,  we  examined  the  influence 
of  nucleolin  on  the  p53  protein  half-life.  Following 
transfection  of  HCT1 16-wt  cells  with  either  GFPNu  or 
GFPc  expression  vectors,  cells  were  treated  with 
cycloheximide  and  then  harvested  at  various  times 
post-treatment.  Probing  the  lysates  for  p53  protein 
levels  indicated  a  longer  p53  half-life  in  cells 
expressing  GFP-nucleolin  (Fig.  7A).  Densitometric 
analysis  of  the  p53  levels,  corrected  for  the  level  of  |3- 
actin  in  the  same  sample,  confirmed  this  result  (Fig. 
7B).  Our  data  indicate  that  heightened  nucleolin 
expression  results  in  significant  stabilization  of  the  p53 
protein. 
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Figure  7.  Nucleolin  stabilizes  p53. 


•  Nucleolin  modulation  of  p53  levels  is  mediated  by  Hdm2.  The  primary  pathway  of  p53 
turnover  involves  ubiquitination  by  Hdm2  and  subsequent  proteasomal  degradation.  Because  our 
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data  suggest  that  nucleolin  might  interfere  with  this 
pathway,  we  examined  the  effect  of  Hdm2  on  the  ability 
of  nucleolin  to  modulate  p53  levels.  We  observed  that 
nucleolin  had  a  more  pronounced  effect  on  p53  levels  in 
U2-OS  cells  expressing  ectopic  Hdm2  (Fig.  8A).  In  the 
absence  of  exogenous  Hdm2,  nucleolin  stimulated  p53 
levels  ~twofold  (Fig.  8 A,  lanes  8  to  11,  compare  to  lane  B 
1).  Expression  of  Hdm2  by  itself  reduced  the  amount  of 
p53  (lane  2),  and  ectopic  nucleolin  expression  in  these 
cells  increased  the  amount  of  p53  by  ~4-fold  over  these 
lower  levels  (lanes  4  to  7;  compare  to  lane  2). 

Unexpectedly,  we  also  observed  that  nucleolin  caused  a 
marked  reduction  in  the  total  level  of  Hdm2  (compare  lane 
7  to  lane  2).  This  effect  is  studied  in  more  detail  below. 

Use  of  p53-null  HI 299  cells  that  were  transiently 
transfected  with  p53  (Fig.  8B)  again  found  that  nucleolin  caused  a 
more  significant  p53  increase  in  cells  also  expressing  ectopic 
Hdm2  (3.9-fold,  compare  lane  8  to  lane  4).  The  greater  effect  of 
nucleolin  on  p53  levels  in  the  presence  of  Hdm2  suggests  that  nucleolin  inhibits  Hdm2.  If 
nucleolin  did  not  act  through  Hdm2,  nucleolin  would  be  expected  to  cause  a  similar  fold-increase 
of  p53  in  the  presence  or  absence  of  Hdm2,  even  if  the  absolute  levels  of  p53  differed. 
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Figure  8.  Nucleolin  acts  through 
Hdm2. 
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•  Nucleolin  inhibits  Hdm2- 
mediated  ubiquitination  of  p53  in 
vivo.  To  test  the  hypothesis  mentioned 
above,  we  characterized  the  effect  of 
nucleolin  on  the  Hdm2-mediated 
ubiquitination  of  p53  (Fig.  9A).  In  U2- 
OS  cells,  as  expected,  expression  of 
ectopic  Hdm2  resulted  in  the 
accumulation  of  poly-ubiquitinated  p53 
(lower  panel,  lane  2),  which  was  further 
heightened  by  treatment  with  MG  132 
(lane  3).  Strikingly,  co-expression  of  1  ,  f  ,  „ 

nucleolin  diminished  p53  poly- 

ubiquitination,  particularly  at  the  higher  nucleolin  levels, 
and  led  to  the  formation  of  putative  mono-  and  di- 
ubiquitinated  p53  (lanes  4  to  5).  Loss  of  the  residual  poly- 
ubiquitinated  p53  at  the  higher  levels  of  nucleolin 
correlated  with  an  increase  in  the  amount  of  p53.  Interestingly,  the  inhibition  of  ubiquitination 
was  persistent  even  in  the  presence  of  proteasomal  inhibitor  (lane  6).  A  similar  loss  of  p53  poly- 
ubiquitination  was  observed  in  HI 299  cells  following  high  nucleolin  expression,  even  after 
MG  132  treatment  (Fig.  9B,  lower  panel),  and,  to  a  lesser  extent,  in  HCT1 16-wt  cells  that 
expressed  both  endogenous  p53  and  exogenous  flag-tagged  p53  (Fig.  9C,  lower  panel,  compare 
lane  3  to  lane  1).  Control  experiments  found  that  nucleolin  did  not  appreciably  alter  the  overall 
pattern  of  protein  ubiquitination  (data  not  shown).  Hdm2  protein  levels  were  diminished  with 
ectopic  expression  of  GFPNu  compared  to  GFPc  in  U2-OS,  HI 299  and,  to  a  lesser  extent, 


Figure  9.  Nucleolin  inhibits 
ubiquitination  of  p53  by  Hdm2  in 
vivo. 
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HCT1 16wt  cells  (Fig.  9A  to  C).  Our  evidence  indicates  that  nucleolin  selectively  disrupts  p53 
ubiquitination  by  Hdm2,  resulting  in  p53  stabilization  and  an  increase  in  cellular  p53. 


*  Nucleolin  inhibits  Hdm2-mediated  ubiquitination  of  p53  in 
vitro.  To  provide  direct  evidence  that  nucleolin  affects  p53 
ubiquitination,  we  utilized  an  in  vitro  reconstitution  system  for  p53 
ubiquitination  by  Hdm2,  using  purified  proteins  (2).  This  system 
catalyzed  robust  p53  ubiquitination  in  an  Hdm2-dependent 
reaction  (Fig.  10;  lane  2).  While  purified  nucleolin  had  no  effect 
on  p53  modification  in  the  absence  of  Hdm2  (lane  3),  the  addition 
of  increasing  amounts  of  nucleolin  to  Hdm2  dramatically  reduced 
p53-ubiquitination  (lanes  4  and  5).  These  results  demonstrate  that 
nucleolin  inhibits  Hdm2-mediated  ubiquitination  of  p53  in 
vivo  and  in  vitro. 
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Figure  10.  Nucleolin  inhibits 
ubiquitination  of  p53  by  Hdm2  in 
vitro. 


*  Nucleolin  is  not  a  general  inhibitor  of  E3  ubiquitin 

ligases.  p53  stability  is  governed  by  a  balance  between  action  of  various  E3  ubiquitin  ligases 
including  Hdm2  (3-7),  COP1  (8),  Pirh2  (9),  and  ARF-BPl/Mule  (10),  and  ubiquitin- specific 
proteases  that  remove  this  post-translational  modification  (e.g.,  HAUSP  (11,  12)).  To  provide 
additional  evidence  that  nucleolin  is  not  a  general  inhibitor  of  p53  ubiquitination,  we  tested  HeLa 
cervical  carcinoma  cells.  HeLa  cells  are  transformed  by  human  papillomavirus  (HPV)  type  18 
and  express  the  HPV  E6  oncoprotein  which,  in  conjunction  with  the  cellular  E6  associated 
protein  (E6-AP;  an  E3  ubiquitin  ligase),  ubiquitinates  p53  and  destine  it  for  proteolytic 
degradation  (13).  Over-expression  of  nucleolin  in  these  cells  had  no  significant  effect  on  either 
p53  levels  or  the  p53  ubiquitination  state  (Fig.  1 1  A;  lane  3),  as  compared  to  the  empty  vector 
control  (lane  2).  These  data  indicate  that  nucleolin  does  not  inhibit  p53  modification  by  E6/E6- 
AP.  These  data  also  lead  to  the  conclusion  that  nucleolin  does  not  have  an  associated  ubiquitin 
protease  activity  similar  to  that  of  HAUSP  (11,  12),  as  such  activity  would  be  expected  to  cause 
a  loss  of  poly-ubiquitinated  p53.  A 

As  a  further  examination  of  the  GFP 

specificity  of  nucleolin  on  p53  gfp  - 

ubiquitination,  we  tested  the  effect  on  p53  - 

the  degradation  of  p53  by  p300.  p-actm  - 

p300/CBP  can  stimulate  p53 
degradation  (14),  with  this  effect 
mediated  by  the  E4  ubiquitin  ligase 
activity  of  p300  (15).  That  is,  mono-  ub-p53  - 
ubiquitin  moieties  on  p53  are 
extended  by  p300  and  yield  poly- 
ubiquitinated  p53.  Transfection  of 
SJSA  cells  with  a  plasmid  expressing 
HA-p300  was  found  to  cause  the  loss 
of  p53  (Fig.  1  IB;  lane  12  and  data  not  shown).  Co-transfection  of  either  nucleolin  (lanes  4  to  7) 
or  empty  vector  (lanes  10  and  11)  with  p300  was  unable  to  prevent  this  diminution  in  the  level  of 
endogenous  p53.  Nucleolin  expression  also  had  no  effect  on  p300  levels  (data  not  shown).  These 
data  indicate  that  over-expression  of  nucleolin  does  not  inhibit  p300  from  stimulating  p53 
degradation.  Similar  results  were  observed  in  U2-OS  as  well  as  HI 299  cells  (data  not  shown). 
Although  p300  has  been  reported  to  stimulate  p53  poly-ubiquitination  (15),  we  did  not  observe 
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Figure  11.  Nucleolin  does  not 
inhibit  activities  of  other  ubiquitin 
ligases. 
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such  effects  in  either  the  absence  or  presence  of  nucleolin  (data  not  shown),  using  these  cell  lines 
and  conditions.  A 


•  Nucleolin  associates  with  Hdm2  in  vivo  and  in  vitro.  The 

inhibition  of  p53  ubiquitination  could  be  a  consequence  of 
nucleolin  binding  to  the  C-terminal  regulatory  region  of  p53  (16), 
which  contains  multiple  lysines  that  are  ubiquitination  targets  (1 7), 
and  hence  sterically  block  Hdm2  action.  Alternatively,  nucleolin 
might  directly  bind  Hdm2  and  thereby  alter  its  ability  to  modify 
p53.  As  a  first  test  of  this  hypothesis,  we  tested  the  interaction  of 
endogenous  nucleolin  and  Hdm2  in  co-immunoprecipitation 
studies.  In  p53-positive  U2-OS  or  p53-negative  HI 299  cells,  use  of 
either  of  two  different  antibodies  to  immunoprecipitate  Hdm2  also 
co-precipitated  nucleolin  (Fig.  12A,  lanes  2  and  3).  The  control  IgG 
did  not  pull  down  either  Hdm2  or  nucleolin  (lane  4).  The  reverse 
immunoprecipitation  reaction  involving  anti-nucleolin  antibodies 
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also  precipitated  Hdm2  from  extracts  of  these  two  cells  lines 
as  well  as  the  SJSA  line  (which  over-expresses  endogenous 
Hdm2)  (Fig.  12B).  Similar  results  were  found  using 
ectopically-expressed  nucleolin  and  Hdm2  (data  not  shown). 

We  also  examined  the  ability  of  purified  GST-Hdm2  to 
interact  with  nucleolin  in  lysates  from  HCT1 16-wt  or  -ko 
cells  (i.e.,  wild-type  or  knockout  for  p53).  Following 
incubation  of  GST-Hdm2  or  GST  alone  with  lysates, 
analysis  of  the  complexed  material  found  that  nucleolin 
bound  GST-Hdm2  (Fig.  13,  lanes  3  and  4)  but  did  not 
detectably  associate  with  GST  alone  (lanes  1  and  2).  We  did 
not  discern  any  influence  of  p53  on  the  ability  of  nucleolin 
to  bind  Hdm2  in  this  assay.  In  sum,  these  data  indicate  that 
nucleolin  and  Hdm2  can  complex  in  vivo  and  in  vitro  in  a 
p5  3 -independent  manner. 


Figure  12.  Nucleolin  binds  Hdm2 
in  vivo. 
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Figure  13.  Nucleolin  binds  Hdm2 
in  vitro. 
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•  Nucleolin  inhibits  the  Hdm2  ubiquitin  ligase  activity  in  vivo.  The  ability  of  nucleolin  and 
Hdm2  to  physically  interact  suggests  that  nucleolin  might  inhibit  the  Hdm2  ubiquitination 
activity  directly,  thereby  explaining  the  effect  of  nucleolin  on  p53  modification.  To  test  this 
possibility,  we  examined  Hdm2 
auto-ubiquitination  as  an  indicator 
of  its  overall  ubiquitin  ligase 
activity.  In  HI 299  cells  transfected 
with  Hdm2  and  His-tagged 
ubiquitin  (Ub-His),  a  significant 
level  of  ubiquitinated  Hdm2  was 
observed  (Fig.  14A,  lane  4).  When 
these  cells  were  co-transfected  with 
increasing  levels  of  nucleolin,  the  1  2  3 

level  of  ubiquitinated-Hdm2  and  total  Hdm2  (n.b.,  the 
ubiquitinated  proteins  were  not  isolated  in  this  experiment) 
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Figure  14.  Nucleolin  inhibits  Hdm2 
autoubiquitination. 
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progressively  declined  (lanes  5  and  6).  At  the  highest  level  of  nucleolin,  ubiquitinated-Hdm2  was 
barely  detected  (lane  6).  Note  that  this  level  corresponds  to  only  a  ~twofold  increase  in  total 
nucleolin  (compare  endogenous  and  GFP-tagged  nucleolin  in 
lane  6,  lower  panel).  Because  nucleolin  has  an  effect  on  Hdm2 
protein  levels  (described  in  greater  detail  below),  we  more 
rigorously  tested  the  influence  of  nucleolin  on  Hdm2  auto- 
ubiquitination.  HI 299  cells  were  transfected  with  Hdm2,  Ub- 
His,  and  two  different  levels  of  nucleolin  (Fig.  14B).  Aliquots 
that  contained  equivalent  total  Hdm2  protein  were  removed 
from  each  lysate,  and  then  analyzed  by  SDS-PAGE  and 
Western  blotting  to  determine  the  level  of  modified  Hdm2. 

Using  this  approach,  we  observed  that  heightened  expression 
of  nucleolin  resulted  in  a  loss  of  the  ubiquitinated  form  of 
Hdm2  (compares  lanes  2  and  3  to  control  lane  1).  We 
conclude  that  nucleolin  inhibits  the  auto-ubiquitination 
activity  of  Hdm2,  and  this  reduced  ubiquitin  ligase  activity 
contributes  to  decreased  p53  ubiquitination. 
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•  Nucleolin  diminishes  Hdm2  protein  levels.  As  indicated 
above,  nucleolin  caused  an  apparent  loss  of  Hdm2  protein, 
even  though  inhibiting  Hdm2  auto-ubiquitination  (a  surprising 
observation  because  heightened  auto-ubiquitination  has  been 
reported  to  destabilize  Hdm2  ( 18)).  We  therefore  further 

characterized  the  effect  of  nucleolin  on  Hdm2  levels  in  various 
cell  lines.  Because  endogenous  Hdm2  levels  are  normally  very 
low,  cells  were  transfected  with  Hdm2  and  various  amounts  of  the 
nucleolin  expression  constructs.  In  U2-OS  cells,  increases  in 
the  level  of  nucleolin  caused  a  drastic  reduction  in  Hdm2 
protein  levels  (Fig.  15 A,  lanes  4  to  6),  with  Hdm2  found  to 
be  virtually  undetectable  at  the  highest  level  of  nucleolin 
(lane  6).  A  similar  decrease  in  Hdm2  protein  levels  was 
observed  in  HI 299  cells,  indicating  that  the  presence  of  p53 
was  not  required  for  nucleolin  to  mediate  this  effect  (Fig. 

15B;  compare  lanes  4  and  9).  To  elucidate  if  the  nucleolin- 
Hdm2  interaction  is  influenced  by  the  presence  of  p53,  we 
directly  tested  the  effect  of  p53  (Fig.  15C).  Nucleolin  again 
diminished  the  level  of  Hdm2  to  an  almost  undetectable 
amount  (Fig.  15C,  compare  lane  7  to  lane  2).  The  down- 
regulation  of  Hdm2  expression  by  nucleolin  was  similar  in  B 
the  presence  or  absence  of  p53.  Interestingly,  upon  nucleolin 
over-expression,  total  Hdm2  protein  accumulation  was 
slightly  reduced  in  the  presence  of  MG  132  (Fig  15 A, 
compare  lane  7  to  lane  3;  Fig.  15C,  compare  lane  8  to  lane 
3).  Overall,  these  data  indicate  that  nucleolin  reduces  Hdm2  p?'  - 
protein,  with  this  reduction  not  strongly  influenced  by  p53.  p-actm- 
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Figure  15.  Nucleolin  induces  a  loss 
of  Hdm2. 
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Figure  16.  Nucleolin  stimulates  p53- 
mediated  transcription. 
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•  Nucleolin  stimulates  p53  transcriptional  activity.  Because  changes  in  the  level  of 
nucleolin  can  alter  the  amount  of  p53  protein,  we  determined  the  effect  of  nucleolin  on  various 
p53-mediated  activities,  first  testing  p53  transcriptional  activity  in  HI 299  cells.  Using  p53- 
responsive  elements  from  the  promoters  of  the  cyclin-dependent  kinase  (cdk)  inhibitor  p21cipl/wafl 
or  Mdm2  genes,  we  found  that  nucleolin  stimulated  expression  from  1.9  to  3.4-fold  in  the 
presence  of  p53  (Fig.  16A,  previous  page).  Nucleolin  in  the  absence  of  p53  had  no  significant 
effect.  We  also  measured  the  expression  of  endogenous  p21cipl/wafl  protein,  and  found  that 
nucleolin  increased  the  level  of  this  key  cell-cycle  regulator  (Fig.  16B).  At  the  highest  level  of 
nucleolin,  genotoxic  stress  did  not  markedly  stimulate  the  expression  of  p53  or  p21cipl/wafl  protein 
(Fig.  16B,  compare  lanes  4  and  5).  Further,  when  the  isogenic  cell  lines  HCT1 16- wt  and  -ko 
were  examined,  higher  levels  of  p21cipl/wafl  were  again  seen  following  expression  of  GFP- 
nucleolin  (Fig.  16C,  lane  2).  Only  very  low  levels  of  p21cipl/wafl  were  observed  in  HCT1 16-ko 
cells  expressing  GFP-nucleolin  (Fig.  16C,  lane  4),  demonstrating  that  the  stimulation  is  p53- 
specific.  Similar  results  were  noted  for  the  pro-apoptotic  Bax  gene  product  (data  not  shown). 


Nucleolin  stimulates  the  activation  of  p53  in  response  to  low  levels  of  stress.  Testing  the 
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effect  of  nucleolin  on  the  genotoxic  stress  response,  we 
found  that  nucleolin  expression  enhanced  p53 
activation  at  low  levels  of  CPT  as  compared  to  the 
corresponding  vector  control  (Fig.  17,  compare  lanes  2 
to  3  with  lanes  6  to  7,  respectively).  A  corresponding 
increase  in  p21  levels  was  similarly  noted  in  cells 
expressing  GFP-nucleolin  compared  to  GFP  alone.  As 
CPT  levels  increased  further,  no  significant  differences 
in  p53  and  p21  levels  was  noted  between  these  cells 
(lanes  4  and  8).  As  found  above,  Hdm2  levels  were 
significantly  reduced  with  nucleolin  over-expression  as 
compared  the  vector-transfected  cells.  These  data  indicate  that  up-regulation  of  p53  levels  by 
nucleolin  can  also  lead  to  heightened  expression  of  various  p5 3 -responsive  genes. 
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Figure  17.  Nucleolin  stimulates  p53 
activation. 


*  Nucleolin  inhibits  cellular 
proliferation.  Because  nucleolin 
increases  p21cipl/wafl  expression, 
examined  the  effect  of  nucleolin 
expression  on  cell  proliferation, 
a  simple  indicator  of 
proliferation,  we  expressed  either 
GFP  or  GFP-nucleolin  in  U2-OS 
SJSA  cells,  plated  the  cells  at 
equal  low  densities,  and  then 
grew  the  cells  under  G418 
selection  (Fig.  18A).  Visual 
inspection  found  that  cells 
expressing  GFP-nucleolin  had  a 
clear  growth  disadvantage  over 


cells  expressing  GFP.  To  quantitate  this  effect,  we 
expressed  nucleolin  in  HCT1 16-wt  cells  and  observed  that 
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Figure  18.  Nucleolin  reduces  the 
rate  of  cellular  proliferation  in  the 
presence  of  p53. 
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U2-0S  stables 


nucleolin  inhibited  cell  growth  to  levels  ~60%  of  these  same  cells  transfected  with  the  empty 
vector  (Fig.  18B).  In  contrast,  nucleolin  expression  in  HCT1 16-ko  cells  had  lesser  effect  as 
compared  to  cells  transfected  with  an  empty  vector  control,  with  this 
residual  effect  potentially  due  to  the  ability  of  nucleolin  to  inhibit  the 
replication  factor  RPA  ( 1 ,  19,  20).  These  data  indicate  that  heightened 
expression  of  nucleolin  inhibits  cell  proliferation  in  a  p53-dependent 
manner. 


•  Nucleolin  increases  cellular  apoptosis.  Because  p53  regulates 
numerous  genes  involved  in  the  cellular  apoptotic  program,  we 
determined  if  p53-mediated  apoptosis  was  modulated  by  nucleolin. 
Stable  clones  of  U2-OS  cells  were  generated  that  expressed  either  GFP- 
nucleolin  or  GFP  alone.  Interestingly,  although  cells  were  maintained 
under  G418  selection,  it  was  found  that  GFP-nucleolin  expression  was 


<n 

0) 

o 

0)4 

> 

'55 

o 

o. 


& 


& 


lost  in  ~50%  of  cells  following  two  weeks  of  growth, 
compared  to  ~25%  of  cells  losing  GFP  expression  (data  not 
shown).  Following  selection,  the  fraction  of  GFP-positive 
cells  undergoing  apoptosis  was  then  examined  using  a 
TUNEL  assay  (Fig.  19).  1500  cells  were  examined  for  each  clone.  Cells  expressing  GFP- 
nucleolin  were  found  to  have  a  ~twofold  higher  level  of  apoptosis  (4.5%)  compared  to  cells 
expressing  GFP  (2.5%).  Our  data  indicate  that  heightened  nucleolin  expression  can  both  inhibit 
cellular  proliferation  and  increase  apoptosis  under  normal  growth  conditions. 


Figure  19.  Nucleolin  increases  the 
amount  of  cellular  apoptosis. 


The  above  data  are  published: 

Saxena,  A.,  C.J.  Rorie,  D.D.  Dimitrova,  Y.  Daniely,  and  J.A.  Borowiec.  2006.  Nucleolin 
stabilizes  p53  through  inhibition  of  Hdm2  ubiquitination  activity  and  reduction  of  Hdm2  protein. 
Oncogene  25,  7274-88. 


Abbreviated  summary  of  above  Aim  3  work:  Our  data  implicate  nucleolin  as  a  key  regulatory 
factor  in  the  p53-Hdm2  circuitry  in  breast  cells  and  in  other  tissues.  The  consequences  of 
elevated  p53  levels  induced  by  nucleolin  are  enhanced  expression  of  p21c'pl/wa",  a  corresponding 
reduction  of  cellular  proliferation  rate,  and  an  increased  rate  of  apoptosis.  The  nucleolin  gene 
contains  a  c-Myc  binding  site  (E-box)  in  the  first  intron  and  nucleolin  transcription  is  stimulated 
~4-fold  by  c-Myc,  suggesting  that  it  is  directly  responsive  to  proliferative  signals  (27).  Indeed, 
nucleolin  protein  expression  is  coupled  to  the  cellular  growth  rate  with  proliferating  cells  having 
a  >3-fold  higher  nucleolin  protein  levels  compared  to  quiescent  cells  (e.g.,  see  ref.  22). 
Combined,  these  data  indicate  that  nucleolin  increases  p53  protein  levels  in  response  to  hyper- 
proliferative  signals,  and  thereby  provide  a  check  against  uncontrolled  cellular  growth  in  breast 
cells.  We  propose  that  nucleolin  functions  in  an  ARF-independent  pathway  to  regulate  p53  and 
Hdm2  in  response  to  hyper-proliferative  signals. 


•  Effect  of  nucleolin  on  Hdm2  auto-ubiquitination.  We  have  been  examining  the  effect  of 
nucleolin  on  Hdm2  auto-ubiquitination  and  p53  trans-ubiquitination  in  vitro.  Our  approach 
utilizes  purified  proteins  either  prepared  by  my  laboratory  (nucleolin,  Hdm2,  p53)  or  obtained 
commercially  (El,  E2,  and  His-tagged  ubiquitin  [His-Ub]).  Following  incubation  of  the  desired 
components,  the  ubiquitinated  products  are  isolated  by  adsorption  to  Ni2+-NTA  beads,  and 
visualized  by  Western  blotting  for  the  protein  of  choice  (generally  p53  or  Hdm2).  The  Ni2+-NTA 
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Figure  20.  Lack  of  significant  inhibition 
of  nucleolin  and  nucleolin  mutants  on 
Hdm2  auto-ubiquitination. 


step  aids  significantly  in  reducing  the  background. 

We  first  examined  Hdm2  auto-ubiquitination  (i.e.,  reaction  products 
isolated  on  Ni2+-NTA  beads  were  blotted  for  Hdm2).  If  Hdm2  and  His-Ub 
were  incubated  without  El  and  E2  (Fig.  20;  lane  1),  or  if  El,  E2,  and 
Hdm2  were  incubated  without  His-Ub  (lane  2),  a  very  low  background  of 
Hdm2  binding  to  the  Ni2+-NTA  beads  was  observed.  Reactions  in  lanes  3  to 
8,  in  addition  to  containing  all  required  components  (El,  E2,  Hdm2,  and 
His-Ub),  also  contained  either  GST  or  GST-nucleolin  variants  (full-length 
or  truncated).  As  seen  in  the  complete  reaction  supplemented  with  GST 
(lane  3),  robust  ubiquitination  of  Hdm2  was  observed.  The  primary  species 
appears  to  be  mono-ubiquitinated  Hdm2  (‘mono-Ub  Hdm2’).  The  visible 
reaction  products  migrating  more  slowly  that  the  mono-Ub  Hdm2  represent 

poly-ubiquitinated  Hdm2.  The  products  migrating  more 
quickly  than  mono-Ub  Hdm2  probably  represent  trans- 
ubiquitination  of  truncated  Hdm2  that  was  co-purified  from 
E.  coli  with  the  full-length  Hdm2.  Testing  the  various 
nucleolin  derivatives,  we  found  only  slight  effects  of  any  factor  on  Hdm2  auto-ubiquitination  in 
vitro  (lanes  4  to  8).  At  most,  the  nucleolin-NT  and  CT  provided  a  slight  inhibition  of  Hdm2  auto- 
ubiquitination  (lanes  6  and  7).  Thus,  nucleolin  does  not  significantly  affect  Hdm2  auto- 
ubiquitination. 

S  s 

•  Nucleolin  inhibits  p53  ubiquitination  by  Hdm2.  We  next  tested 
the  effect  of  nucleolin  on  p53  ubiquitination  by  Hdm2.  A  similar  scheme 
was  used  as  described  immediately  above,  with  the  exception  that  p53 
was  added  to  the  reaction.  The  reaction  products  were  subjected  to 
Western  blotting  with  anti-p53  antibodies  (Fig.  21).  The  complete 
reaction  supplemented  with  GST  showed  apparent  mono-ubiquitinated 
p53  (the  tagged-p53  migrates  at  ~80  kDa  by  SDS-PAGE),  as  well  as 
poly-ubiquitinated  products  (lane  2).  In  the  presence  of  increasing  levels 
of  GST-nucleolin  (lanes  3  and  4),  the  poly-ubiquitinated  p53  was  lost  and 
the  amount  of  apparent  mono-ubiquitinated  p53  was  reduced.  Addition  of 
the  N-terminal  construct  of  nucleolin  also  greatly  inhibited 
p53  modification.  The  C-terminal  construct  of  nucleolin 
also  caused  a  loss  of  p53  ubiquitination,  particularly  of  p53 
with  an  intermediate  level  of  ubiquitination  (perhaps  mono- 
ubiquitination  of  2  to  4  lysines  at  the  p53  C-terminus; 

compare  lanes  2  and  6).  Addition  of  the  GAR  domain  only  caused  a  slight  reduction  of  p53 
ubiquitination.  Note  that  a  control  reaction  lacking  El  and  E2  had  only  a  low  p53  signal,  again 
showing  the  specificity  of  the  reaction.  Thus,  two  different  regions  on  nucleolin  inhibit  p53 
ubiquitination  by  Hdm2. 

As  mentioned  above,  we  found  that  nucleolin  interacts  with  Hdm2  via  the  N-terminus  and 
RBD  region,  while  p53  binds  the  GAR  domain.  As  the  GAR  domain  has  only  slight  effects  on 
ubiquitination,  these  data  indicate  that  nucleolin  inhibits  p53  ubiquitination  through  interaction 
with  Hdm2  rather  than  binding  to  p53. 


poly-Ub 

Hdm2 


mono-Ub 

Hdm2 


M  (kDa) 


poly-Uto 

p53 


mono-Ub 

p53 


Figure  21.  Nucleolin  can  inhibit  p53 
ubiquitination  through  the  N-terminal 
domain. 


•  Homology  between  nucleolin,  p53,  and  RB  sequences.  Small-molecule  antagonists  of 
Hdm2,  Nutlins,  were  recently  developed  and  found  to  activate  the  p53  pathway  in  vivo  (25). 
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Although  the  mechanism  of  Nutlin  action  was 
initially  thought  to  be  through  inhibition  of  binding 
of  the  p53  Box  I  region  to  a  hydrophobic  pocket  of 
Hdm2  (25),  more  recent  characterization  has  shown 
that  neither  a  Box  I  peptide  nor  Nutlin  inhibits  p53 
ubiquitination  in  vitro  (26).  In  contrast,  a  peptide 
derived  from  the  S9-S10  loop/Box  V  region  of  p53 
not  only  provides  a  second  Hdm2-p53  binding  interface  (27), 
but  also  contains  a  critical  ubiquitination  signal  (26).  That  is, 
peptides  containing  this  sequence  cause  conformational 
changes  in  Hdm2,  and  thereby  regulate  p53  ubiquitination. 

The  retinoblastoma  protein  (pRb),  also  binds  Hdm2  and  inhibits  p53  ubiquitination  (28).  pRB 
similarly  contains  at  least  two  sequence  elements;  one  (the  888-914  sequence)  that  supports 
Hdm2  binding  and  the  second  (710-720)  that  inhibits  p53  ubiquitination  (26).  From  these  and 
other  data,  the  authors  postulate  that  the  Box  I  region  of  p53  first  binds  Mdm2,  facilitating 
interaction  of  the  p53  Box  V  region  with  the  acid  domain  of  Hdm2,  activating  the  Hdm2 
ubiquitin  ligase  activity  towards  p53. 

Nucleolin  contains  three  elements  that  bear  significant  homology  to  the  Box  I  and  V  regions 
of  the  p53,  and  the  888-914  region  of  pRB  (see  Fig.  21).  Interestingly,  the  sequences  that 
resemble  the  Box  I  and  V  sequences  are  contained  in  a  single  peptide  sequence  located  between 
the  middle  of  the  1st  RBD  to  the  beginning  of  the  2nd  RBD.  Nucleolin  also  contains  a  region  of 
more  limited  homology  to  the  Rb  peptide  that  inhibits  p53  ubiquitination  by  Hdm2  (26).  This 
region  is  located  in  the  N-terminal  half  of  nucleolin,  adjacent  to  the  4th  acidic  domain.  While  not 
extensive,  we  will  test  these  sequences  in  future  studies  for  their  effect  on  Hdm2-mediated 
ubiquitination  of  p53.  We  also  plan  to  use  the  results  of  the  proposed  work  to  develop  small 
molecule  agents  that  can  be  used  therapeutically  to  inhibit  the  growth  of  human  breast  cancers. 
We  are  currently  preparing  a  new  Idea  Award  application  to  allow  funding  of  this  proposed 
research. 


Figure  21.  Homology  of  various 
nucleolin  domains  to  Hdm2- 
interacting  regions  in  p53  and  pRB. 


SQETFSDLWKLLP  p53  Box  I  (15-27) 

0  II  I  I 

DFESAEDLEKALELTGLKVFGNEIKLEKPKGKDSKKERDART  NCL  (353-394) 

’ll  I 

SKHLPGESKFQQKLAEMTSTRTRMQKQ  Rbl  (888-914) 

I  I  I 

DSSGNLLGRNSFEVRVCACAGRDRRTEEENLRK  p53  Box  V  (259-292) 

DQIMMCSMYGI-CKVKNIDLK  Rbl  (701-720) 

=  1*11* 

AKGKKAAKWPVKAKNVAEDED  NCL  (216-237) 


•  Effect  of  stress  on  the  nucleolin-  jjme 
Hdm2  interaction.  We  examined  the  effect  of 
genotoxic  stress  on  nucleolin-Hdm2  complex 
formation.  U2-OS  cells  were  exposed  to 
ionizing  radiation  (10  Gy).  Extracted  were 
then  prepared  at  various  times  post-exposure, 
and  subjected  to  immunoprecipitation  with 
anti-Hdm2  antibodies.  Examining  the 
immunoprecipitates  and  corresponding 
extracts  by  Western,  we  observed  that 
nucleolin-Hdm2  complex  formation  was 
observed  upon  mock  irradiation  (Fig.  22;  top 
panel;  0  h,  lane  1).  Exposure  of  cells  to  IR  was 
seen  to  cause  a  loss  of  complex  formation, 
with  only  a  minimal  level  of  complex 
formation  observed  at  3  h  post-exposure  (lane  4).  In 
p53-null  HI 299  cells,  we  also  see  a  loss  of  complex 
formation  but  to  a  lesser  degree  (data  not  shown).  In 
sum,  stress  down-regulates  nucleolin-Hdm2  complex 


post- 1 R  (h)  o  0.5  1  3 


IP:Hdm2 


lysates 


Figure  22.  Exposure  to  IR  causes  a 
loss  of  nucleolin-Hdm2  complex 
formation. 
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formation.  Interestingly,  we  have  previously  shown  that  genotoxic  stress  up-regulates  the 
nucleolin-p53  interaction  so  nucleolin  interacts  with  Hdm2  and  p53  in  a  divergent  manner 
following  stress. 

Task  4. 

•  Effect  of  nucleolin  on  the  Hdm2-mediated  nuclear  exclusion  of  p53  and  on  MDM2 
localization.  We  prepared  vectors  that  allow  expression  in  human  cells  of  Hdm2  and  nucleolin 
tagged  with  either  yellow  fluorescent  protein  (YFP)  or  cyan  fluorescent  protein  (CFP), 
respectively.  Using  these  and  other  tagged-nucleolin  and  Hdm2  variants,  we  have  been  unable  to 
find  any  definitive  evidence  that  nucleolin  alters  the  localization  of  either  p53  or  Mdm2.  We 
have  therefore  completed  work  on  this  aim. 

Task  5. 

•  To  characterize  the  effect  of  nucleolin  on  MDM2-ERa  complex  formation  in  vitro,  and 
on  the  stimulation  of  ERct  transactivation  by  MDM2  in  vivo.  Because  of  the  additional  work 
experiments  required  to  complete  the  Oncogene  study  mentioned  above,  we  were  able  to  perform 
only  preliminary  examination  of  this  Task. 


The  ability  of  nucleolin  to  modulate  the  p53-Hdm2  circuitry  suggests  a  potential  therapeutic 
route  to  prevent  breast  cancer  development.  Recent  work  has  shown  that,  at  the  earliest  stages  of 
tumorigenesis,  early  pre-cancer  lesions  demonstrate  a  DNA  damage  response  such  as  p53 
activation,  ATM  activation,  and  phosphorylation  of  histone  H2AX  (23,  24).  Thus,  manipulating 
the  levels  and/or  activity  of  nucleolin  may  allow  clinicians  to  slightly  increase  the  p53 
surveillance  machinery,  and  thereby  reduce  breast  tumorigenesis. 

Note  that  the  results  described  above  are  the  most  important  scientific  results.  In  terms  of 
our  progress  on  specific  technical  aspects  of  the  proposal,  we  have  completed: 

Task  1  (100%  complete). 

Task  2  (100%  complete). 

Task  3  (100%  complete.) 

Task  4  (100%  complete.). 

Task  5  (20%  complete.) 
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Future  work  to  continue  the  study  of  nucleolin  and  Hdm2  interaction 

1)  We  have  identified  the  nucleolin  central  RBD  domain  has  having  the  highest  activity  in  p53 
stabilization.  Because  we  wish  to  develop  a  compound  mimicking  nucleolin  activity  for 
treatment  of  breast  cancer,  it  will  be  essential  to  obtain  high-resolution  structural  information  of 
the  nucleolin-Hdm2  complex  (most  likely  a  complex  containing  only  those  domains  that  are 
necessary  for  the  interaction).  With  this  information  in  hand,  we  will  use  computer-aided  drug 
design  to  generate  1st  generation  reagents  and  test  these  for  their  ability  to  inhibit  Hdm2  E3 
ubiquitin  ligase  activity  in  cultured  cells. 

2)  The  mechanism  by  which  nucleolin  causes  a  loss  of  Hdm2  protein  remains  unknown.  Possible 
explanations  include  nucleolin  inhibiting  Hdm2  translation,  or  nucleolin  altering  Hdm2  half-life. 
Preliminary  in  vitro  study  indicates  that  nucleolin  alters  the  Hdm2  auto-ubiquitination  pattern, 
which  could  suggest  that  nucleolin  facilitates  Hdm2  export  to  the  cytoplasm  where  it  becomes 
degraded.  Deciphering  the  mechanism  is  an  important  issue.  Further  study  should  reveal  an 
interesting  mechanism  by  which  nucleolin  regulates  Hdm2  protein  levels. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Nucleolin  inhibits  Hdm2-mediated  ubiquitination  of  p53  in  vivo. 

•  Nucleolin  inhibits  Hdm2  auto-ubiquitination  in  vivo  and  in  vitro. 

•  Nucleolin  reduces  Hdm2  protein  levels  in  vivo. 

•  Heightened  nucleolin  expression  results  in  significant  stabilization  (increased  half-life)  of 
the  p53  protein. 

•  Knockdown  of  endogenous  nucleolin  by  RNAi  methodology  has  the  opposite  effect  of 
nucleolin  overexpression,  namely,  p53  levels  are  reduced. 

•  The  previous  two  points  indicate  that  alterations  in  the  amount  of  nucleolin  in  vivo  cause 
parallel  changes  in  the  level  of  p53. 

•  Up-regulation  of  p53  levels  by  nucleolin  causes  heightened  expression  of  various  p53- 
responsive  genes. 

•  Over-expression  of  nucleolin  inhibits  cell  proliferation  in  a  p53-dependent  manner. 

•  Higher  nucleolin  expression  increases  cellular  apoptosis  in  a  p53-dependent  manner,  in 
non-stressed  cells. 

•  In  cells  subjected  to  low  levels  of  genotoxic  stress,  nucleolin  facilitates  p53  activation. 
Combined  with  the  above  points,  our  data  indicate  that  nucleolin  increases  the  tumor  surveillance 
properties  of  p53. 
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REPORTABLE  OUTCOMES 


A.  Manuscripts,  abstracts,  presentations 
Manuscripts 

1)  Saxena,  A.,  Rorie,  C.J.,  Dimitrova,  D.,  Daniely,  Y.,  Borowiec,  J.A.  2006.  Nucleolin  inhibits 
Hdm2  by  multiple  pathways  leading  to  p53  stabilization.  Oncogene,  25:7274-88. 

2)  Kim,  K.,  Dimitrova,  D.D.,  Carta,  K.,  Daras,  M.,  and  Borowiec,  J.A.  (2004).  A  novel 
checkpoint  response  to  genotoxic  stress  mediated  by  nucleolin-RPA  complex  formation.  Mol. 
Cell.  Biol.,  25:2463-2474. 

3)  Vassin,  V.M.,  Wold,  M.S.,  and  Borowiec,  J.A.  (2004).  Replication  protein  A  (RPA) 
phosphorylation  prevents  RPA  association  with  replication  centers.  Mol.  Cell.  Biol.  24:1930- 
1943. 

4)  Borowiec,  J.A.  (2004).  The  toposome  -  a  new  twist  on  topoisomerase  Hoc.  Cell  Cycle  3:627-8. 
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Abstracts  and  presentations 

Over  the  three  years,  we  gave  presentations  at  the: 

1.  Indiana  University  School  of  Medicine  (Seminar).  4/6/04 

2.  University  of  Milan,  Italy  (Seminar).  4/28/04 

3.  Vanderbilt  University  (Seminar).  6/10/04 

4.  Genomic  Integrity  Meeting  in  Galway,  Ireland  (Abstract/Poster).  6/22/04 

5.  12th  International  p53  Workshop,  Dunedin,  New  Zealand  (Abstract/Poster).  1 1/6-10/04 

6.  Era  of  Hope  Breast  Cancer  Research  Program,  Philadelpia,  PA  (Poster).  6/8-11,  2005. 

7.  Borowiec,  J.A.  Talk.  Salk-EMBL  Oncogenes  and  Growth  Control  meeting,  La  Jolla,  CA. 
8/12-16/2005. 

8.  13th  International  p53  Workshop,  New  York,  New  York  (Abstract/Poster).  5/20-24/06 

Support  from  the  Department  of  Defense  was  publicized  in  each  case. 

Note  that  nearly  all  of  the  funding  for  these  trips  was  supplied  by  non-DOD  sources, 
allowing  the  DOD  support  to  be  used  directly  for  laboratory  research. 
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B.  Development  of  cell  lines 

We  have  developed  stable  cells  lines  that  express  GFP-nucleolin  and  control  GFP  alone 
using  the  parental  HCT1 16+/+  cell  line. 

C.  Employment  or  research  opportunities  applied  for  and/or  received  based  on 
experience/training  supported  by  this  award. 

I  recruited  Checo  Rorie,  a  talented  minority  (African-American)  scientist  with  a  Ph.D. 
from  UNC-Chapel  Hill,  to  work  on  the  project.  After  ~18  productive  months  in  the  lab,  he  was 
accepted  into  the  highly  competitive  SPIRE  (Seeding  Postdoctoral  Innovators  in  Research  and 
Education),  back  in  North  Carolina.  He  was  a  2nd  author  on  the  Oncogene  study  mentioned 
above.  He  will  also  have  another  publication  to  be  submitted  in  the  upcoming  year. 


Responsible  Personnel 

James  Borowiec,  P.I. 

Anjana  Saxena,  Research  Scientist 
Checo  Rorie,  Postdoctoral  Fellow 
Elena  Sokolova,  Research  Assistant 
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CONCLUSIONS 

The  major  accomplishment  of  our  studies  is  the  finding  that  nucleolin  stabilizes  p53  by 
inhibiting  the  p53-antagonist  Hdm2.  The  increase  in  p53  protein  by  nucleolin  leads  to  higher 
expression  of  p21cipl/wafl,  a  reduced  rate  of  cellular  proliferation,  and  an  increase  in  apoptosis. 
Nucleolin  also  facilitated  p53  activation  in  response  to  low  levels  of  genotoxic  stress.  The 
properties  of  nucleolin  are  strikingly  similar  in  many  respects  to  the  tumor  suppressor  ARF 
including:  1)  up-regulation  in  response  to  proliferative  signals,  2)  stabilization  of  p53  by 
associating  with  Mdm2,  3)  inhibition  of  the  E3  ubiquitin  ligase  activity  of  Mdm2,  and  4) 
reduction  in  Hdm2  protein  levels.  Importantly,  while  ARF  and  nucleolin  can  associate,  our 
observed  effects  of  nucleolin  on  Hdm2  activity  and  p53  protein  levels  are  not  dependent  upon 
ARF  because  they  can  occur  in  cells  that  lack  detectable  pl4ARF  mRNA  and  protein  expression. 
We  hypothesize  that  nucleolin  functions  in  such  an  ARF-independent  pathway  to  regulate  p53 
and  Hdm2  in  response  to  hyper-proliferative  signals.  Our  data  suggest  that  nucleolin,  like  ARF, 
is  an  important  tumor  suppressor  in  humans. 

Because  Hdm2  normally  modulates  p53  protein  levels  in  breast  cells  (as  well  as  cells 
from  other  tissues),  academic  and  biotechnology  investigators  have  been  developing  agents  that 
regulate  Hdm2  activity  to  inhibit  breast  cancer  growth  (e.g.,  Nutlin).  This  appears  to  be  a  viable 
therapeutic  route  because  transient  increases  in  p53  protein  in  a  mouse  model  system  caused  the 
regression  of  sarcomas  and  lymphomas  in  mice  without  deleteriously  affecting  normal  tissues. 
Hdm2  inhibition  thus  may  have  lesser  toxic  effects  compared  to  conventional  chemotherapy  and 
therefore  provide  a  more  effective  breast  cancer  treatment.  We  hypothesize  that  features  of  the 
nucleolin  structure  can  be  used  to  design  novel  inhibitors  of  Hdm2  for  use  in  the  prevention 
and/or  treatment  of  breast  cancer.  To  test  this  possibility,  we  are  preparing  a  new  Idea  Award 
application  for  a  June  submission. 
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checkpoint  response  to  genotoxic  stress  mediated  by  nucleolin-RPA  complex  formation.  Mol. 
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3)  Vassin,  V.M.,  Wold,  M.S.,  and  Borowiec,  J.A.  (2004).  Replication  protein  A  (RPA) 
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ORIGINAL  ARTICLE 

Nucleolin  inhibits  Hdm2  by  multiple  pathways  leading  to  p53  stabilization 


A  Saxena,  CJ  Rorie,  D  Dimitrova,  Y  Daniely1  and  JA  Borowiec 

Department  of  Biochemistry  and  New  York  University  Cancer  Institute,  New  York  University  School  of  Medicine,  New  York,  NY, 
USA 


Nucleolin  is  a  c-Myc-induced  gene  product  with  defined 
roles  in  ribosomal  RNA  processing  and  the  inhibition  of 
chromosomal  DNA  replication  following  stress.  Here  we 
find  that  changes  in  nucleolin  protein  levels  in  unstressed 
cells  cause  parallel  changes  in  the  amount  of  p53  protein. 
Alterations  in  p53  levels  arise  from  nucleolin  binding  to 
the  p53  antagonist  Hdm2,  resulting  in  the  inhibition  of 
both  p53  ubiquitination  and  Hdm2  auto-ubiquitination. 
Nucleolin  does  not  alter  p53  ubiquitination  by  human 
papillomavirus  E6,  indicating  that  the  effect  is  specific  for 
Hdm2.  Although  the  inhibition  of  ligase  activity  would  be 
expected  to  stabilize  Hdm2,  we  instead  find  that  nucleolin 
also  reduces  Hdm2  protein  levels,  demonstrating  that 
nucleolin  inhibits  Hdm2  using  multiple  mechanisms. 
Increases  in  nucleolin  levels  in  unstressed  cells  led  to 
higher  expression  of  p21cipl/wafl,  a  reduced  rate  of  cellular 
proliferation,  and  an  increase  in  apoptosis.  Thus,  nucleolin 
has  a  number  of  properties  in  common  with  the  tumor 
suppressor  ARF  (alternate  reading  frame).  We  propose 
that  nucleolin,  like  ARF,  responds  to  hyperproliferative 
signals  by  upregulation  of  p53  through  Hdm2  inhibition. 
Oncogene  (2006)  25, 727^7288.  doi:  10. 1038/sj.onc.  1209714; 
published  online  5  June  2006 
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Introduction 

The  transcription  factor  p53  exerts  a  pivotal  role  in 
controlling  cell  cycle  progression  and  apoptosis  in 
response  to  various  forms  of  genotoxic  and  cellular 
stress  (Anderson  and  Appella,  2004).  Although  nor¬ 
mally  existing  in  a  latent  state,  stress  conditions  cause 
p53  to  become  activated,  allowing  transcriptional 
modulation  of  a  large  body  of  genes.  Mice  engineered 
to  lack  p53  expression  have  a  high  propensity  for 
development  of  a  broad  spectrum  of  tumors  (Done- 
hower  et  al. ,  1992).  In  humans,  altered  p53  regulation  is 
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a  common  step  along  the  pathway  of  tumorigenesis  with 
~  50%  of  human  cancers  showing  mutation  of  the  TP 5 3 
gene,  often  a  loss  of  one  gene  copy  and  a  point  mutation 
within  the  second.  p53  overexpression  is  also  deleterious 
with  heightened  p53  levels  during  development  causing 
organ  atrophy  (Nakamura  et  al .,  1995;  Godley  et  al ., 
1996;  Allemand  et  al .,  1999).  One  hypermorphic  p53 
mutant,  although  decreasing  the  susceptibility  to  tumor 
development,  results  in  reduced  longevity  (Tyner  et  al ., 

2002) .  Control  of  the  intracellular  level  of  p53  therefore 
represents  a  critical  feature  for  maintenance  of  normal 
cell  proliferation  and  life  span. 

p53  activity  is  regulated  by  various  means,  including 
protein  turnover.  Stability  of  p53  is  primarily  mediated 
by  the  mouse  double  minute  2  (Mdm2)  gene  product 
(Brooks  and  Gu,  2004).  Mdm2  (also  known  as  Hdm2  in 
humans),  an  E3  ubiquitin  ligase,  directly  interacts  with 
and  ubiquitinates  p53,  promoting  its  cytoplasmic 
degradation  through  the  26S  proteasome  (Haupt  et  al ., 
1997;  Honda  et  al .,  1997;  Kubbutat  et  al .,  1997; 
Freedman  and  Levine,  1998;  Roth  et  al .,  1998).  Mdm2 
also  regulates  p53  by  binding  and  occluding  its  N- 
terminal  transactivation  domain  (Momand  et  al .,  1992; 
Oliner  et  al .,  1993).  Evidence  is  emerging  that  p53  is  also 
targeted  by  other  ubiquitin  ligases,  including  COP1 
(Dornan  et  al .,  2004),  Pirh2  (Leng  et  al .,  2003),  ARF- 
BPl/Mule  (Chen  et  al .,  2005)  and  p300  (Grossman  et  al ., 

2003) ,  and  by  ubiquitin-specihc  proteases  such  as 
HAUSP  (Li  et  al .,  2002,  2004),  although  the  regulation 
of  these  enzymes  is  less  clear. 

Exposure  to  various  stress  stimuli  cause  alterations  in 
the  p53  modification  state  that  facilitate  loss  of 
association  with  Mdm2,  leading  to  higher  p53  levels. 
In  response  to  genotoxic  stress,  for  example,  p53  N- 
terminal  sites  are  targeted  by  members  of  the  phospha- 
tidylinositol  3-kinase-like  kinase  (PIKK)  family,  includ¬ 
ing  ATM,  ATR  and  DNA-PK,  as  well  as  downstream 
effector  kinases  Chkl  and  Chk2  (Anderson  and 
Appella,  2004;  Bode  and  Dong,  2004).  Such  modifica¬ 
tions  both  reduce  p53  proteolytic  degradation  and 
increase  the  accessibility  of  the  transactivation  domain, 
among  other  effects.  Activation  of  these  kinases  also 
leads  to  heightened  Mdm2  auto-ubiquitination  and 
Mdm2  destabilization  (Stommel  and  Wahl,  2004).  The 
importance  of  Mdm2  in  appropriately  regulating  p53  is 
demonstrated  both  by  the  lethality  of  Mdm2-null  mice 
and  the  fact  that  viability  can  be  rescued  by  simulta¬ 
neous  deletion  of  the  p53  gene  (Jones  et  al .,  1995; 
Montes  de  Oca  Luna  et  al .,  1995).  In  addition,  a 
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hypomorphic  allele  of  Mdm2  exhibits  increased  p53 
transcriptional  activity  and  apoptosis  in  homeostatic 
tissue  (Mendrysa  et  al.,  2003).  In  humans,  overexpres¬ 
sion  of  Hdm2  is  common  in  a  variety  of  different  tumor 
types,  particularly  in  soft  tissue  tumors  and  osteosarco¬ 
mas,  that  express  wild-type  (wt)  p53  (Momand  et  al., 
1998).  These  data  attest  to  the  conclusion  that  Mdm2 
levels,  like  those  of  p53,  must  be  exquisitely  controlled. 

A  number  of  factors  that  alter  the  p53-Mdm2 
circuitry  have  been  identified.  One  prominent  member 
of  this  group  is  the  ARF  tumor  suppressor  (pl4ARF  in 
humans,  pl9ARF  in  mice)  (Lowe  and  Sherr,  2003). 
Oncogene  overexpression  increases  ARF  levels  (de 
Stanchina  et  al.,  1998;  Palmero  et  al.,  1998;  Radfar 
et  al.,  1998;  Zindy  et  al.,  1998)  and  stimulates  ARF- 
Mdm2  complex  formation  (Kamijo  et  al.,  1998; 
Pomerantz  et  al.,  1998;  Stott  et  al.,  1998;  Zhang  et  al., 
1998).  This  in  turn  causes  a  decrease  both  in  Mdm2 
auto-ubiquitination  (indicative  of  reduced  ubiquitin 
ligase  activity)  and  in  the  ubiquitination  of  p53,  thus 
stabilizing  p53.  Nevertheless,  the  increase  in  p53  levels  in 
response  to  oncogene  expression  is  only  partially 
abrogated  in  ARF-null  cells  (de  Stanchina  et  al.,  1998; 
Zindy  et  al.,  1998)  and,  in  certain  tumorigenesis  models, 
p53  upregulation  following  oncogenic  stress  does  not 
involve  ARF  (Tolbert  et  al.,  2002;  Yerschuren  et  al., 
2002).  Thus,  ARF-independent  pathways  that  stimulate 
p53  in  response  to  hyperproliferative  signals  surely  exist. 
A  number  of  Mdm2-interacting  proteins  that  regulate 
the  degradation  of  p53  have  recently  come  to  light, 
including  the  tumor  susceptibility  gene  101  (TSG101  (Li 
et  al.,  2001)),  the  retinoblastoma  protein  (Rb  (Hsieh 
et  al.,  1999))  and  the  transcription  factor  Yin  Yang  1 
(YY1  (Gronroos  et  al.,  2004;  Sui  et  al.,  2004)). 
Nucleolar  proteins  are  also  prominent  among  this 
group,  including  the  ribosomal  proteins  L5,  Lll  and 
L23  (Lohrum  et  al.,  2003;  Zhang  et  al.,  2003;  Bhat  et  al., 
2004;  Dai  and  Lu,  2004;  Dai  et  al.,  2004;  Jin  et  al.,  2004), 
and  nucleophosmin  (also  called  B23  (Kurki  et  al., 
2004)),  the  latter  protein  also  able  to  bind  and  inhibit 
ARF  (Itahana  et  al.,  2003;  Bertwistle  et  al.,  2004; 
Korgaonkar  et  al.,  2005).  A  role  for  the  nucleolus  in  the 
regulation  of  p53  has  recently  become  apparent  with 
nucleolar  disruption  leading  to  p53  stabilization  (Rubbi 
and  Milner,  2003;  Olson,  2004).  ARF  has  been  found  to 
sequester  Mdm2  in  the  nucleolus  (Weber  et  al.,  1999), 
although  this  activity  does  not  appear  to  be  requisite  for 
ARF-dependent  p53  stabilization  (Llanos  et  al.,  2001; 
Korgaonkar  et  al.,  2002). 

Another  prominent  nucleolar  phosphoprotein  is 
nucleolin  (also  called  C23  (Ginisty  et  al.,  1999; 
Srivastava  and  Pollard,  1999)),  an  abundant  c-Myc- 
induced  gene  product  (Greasley  et  al.,  2000).  In  response 
to  c-Myc  or  a  heightened  cellular  proliferation  rate, 
nucleolin  levels  can  increase  ~ 4-fold  (Sirri  et  al.,  1997; 
Greasley  et  al.,  2000).  Nucleolin  functions  at  an  early 
step  in  precursor  ribosomal  RNA  (rRNA)  processing 
(Ginisty  et  al.,  1998;  Borovjagin  and  Gerbi,  2004),  and 
disruption  of  nucleolin  homologs  in  yeast  cause 
unbalanced  production  of  the  large  and  small  ribosome 
subunits  (Kondo  and  Inouye,  1992;  Lee  et  al.,  1992; 
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Gulli  et  al.,  1995).  Although  the  yeast  strains  lacking 
expression  of  the  homologs  are  viable,  they  show  severe 
defects  in  growth,  strongly  suggesting  that  knockouts 
(ko)  of  the  mammalian  protein  will  be  lethal.  Nucleolin 
has  stress-regulated  interactions  with  numerous  mRNA 
molecules  (Yang  et  al.,  2002),  and  regulates  the  turnover 
of  particular  mRNAs,  including  those  encoding  the 
apoptosis  inhibitor  Bcl-2  and  the  cell-cycle  regulatory 
factor  gadd45a  (Sengupta  et  al.,  2004;  Zheng  et  al., 
2005).  Recently,  nucleolin  has  been  found  to  inhibit 
translation  of  the  p53  message  following  DNA  damage 
(Takagi  et  al.,  2005).  Nucleolin  is  also  directly  involved 
in  the  transcriptional  regulation  of  various  genes, 
including  rRNA  (Bouche  et  al.,  1984;  Egyhazi  et  al., 
1988).  In  response  to  heat  shock  or  genotoxic  stress, 
nucleolin  serves  to  inhibit  chromosomal  DNA  replica¬ 
tion  by  binding  and  repressing  replication  protein  A 
(RPA)  (Daniely  and  Borowiec,  2000;  Wang  et  al.,  2001; 
Kim  et  al.,  2005),  the  cellular  single-stranded  DNA- 
binding  protein.  These  stresses  also  cause  a  fraction  of 
the  nucleolin  pool  to  relocalize  from  the  nucleolus  to  the 
nucleoplasm  in  a  reaction  stimulated  by  physical 
interaction  with  p53,  but  independent  of  the  ability  of 
p53  to  activate  transcription  (Daniely  et  al.,  2002). 
Together,  these  data  indicate  that  nucleolin  globally 
modulates  DNA  and  RNA  metabolism  following  stress. 

Here  we  examine  the  effect  of  nucleolin  on  the  p53- 
Hdm2  regulatory  loop.  We  find  that  nucleolin  stabilizes 
p53  by  binding  and  inhibiting  Hdm2.  Although  the 
effects  of  nucleolin  mimic  those  seen  previously  for 
ARF,  nucleolin  can  exert  these  effects  in  cells  lacking 
ARF  expression.  Because  nucleolin  levels  are  increased 
by  proliferative  signals,  we  propose  that  nucleolin  acts  in 
a  pathway  parallel  to  ARF  to  increase  p53  levels  in 
response  to  oncogenic  stress. 


Results 

Nucleolin  modulates  p53  levels  in  vivo 
To  understand  the  significance  of  the  previously 
identified  nucleolin-p53  interaction  (Daniely  et  al., 
2002),  we  characterized  the  effect  of  nucleolin  on  p53 
protein  levels  in  cells  that  normally  express  wt  p53  (U2- 
OS,  HCT116-wt)  or  in  p53-null  cell  lines  (H1299  or 
HCT116-ko)  transfected  with  wt  p53.  In  contrast  to 
HI 299  cells,  both  U2-OS  and  HCT116  cells  lack 
detectable  expression  of  ARF  (Park  et  al.,  2002),  and 
these  expression  patterns  are  not  altered  by  nucleolin 
(data  not  shown).  In  the  current  study,  we  employ 
tagged-nucleolin  constructs  which  have  properties  that 
are  identical  to  those  of  endogenous  nucleolin,  including 
intracellular  localization  and  ability  to  associate  with 
RPA  following  genotoxic  stress  (Kim  et  al.,  2005). 
Transfection  of  U2-OS  cells  with  increasing  levels  of  a 
plasmid  expressing  green  fluorescent  protein  (GFP)- 
tagged  nucleolin  (GFPNu)  was  found  to  raise  p53  levels 
nearly  fourfold  relative  to  mock-transfected  cells  and 
nearly  to  the  level  of  p53  found  in  cells  treated  with 
proteasome  inhibitor  MG132  (Figure  la).  There  was  an 
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~  2-fold  increase  in  total  nucleolin  protein  at  the  highest 
levels  of  nucleolin-vector  transfected  (data  not  shown; 
see  Figure  7a),  indicating  that  the  effects  on  p53  levels 
are  not  a  result  of  extreme  nucleolin  overexpression. 
Transient  or  stable  expression  of  nucleolin  increased  the 
level  of  p53  in  other  cell  lines,  including  HCT116-wt 
cells  (Figure  lb).  Expression  of  nucleolin  tagged  with  c- 
Myc  or  Flag  epitopes  instead  of  GFP  resulted  in  similar 
increases  in  p53  levels  (Figure  SI  and  data  not  shown). 
Our  data  demonstrate  that  nominal  increases  in 
nucleolin  expression  significantly  elevate  p53  levels  in 
unstressed  cells. 

Takagi  et  al.  (2005)  have  observed  that  nucleolin  can 
inhibit  p53  translation  by  binding  to  an  element  in  the  5' 
untranslated  region  of  the  p53  message.  We  do  not 
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Figure  1  Nucleolin  overexpression  increases  p53  protein  levels. 
Lysates  were  prepared  from  (a)  U2-OS  cells  that  were  transiently 
transfected  with  increasing  levels  of  a  nucleolin-expression  plasmid 
(GFPNu;  0.3  and  0.6  fig  in  a  six-well  plate),  or  from  (b)  HCT1 16-wt 
cells  that  were  either  transiently  or  stably  transfected  with  the 
GFPNu  or  GFPc  (empty  vector)  plasmids,  as  indicated.  When 
required,  cells  were  treated  with  30  fiM  MG132  for  4h  to  inhibit  the 
proteasome.  Lysates  were  then  subjected  to  SDS-PAGE  and 
Western  blotting  with  antibodies  against  GFP  (to  reveal  GFP- 
nucleolin),  p53  and  /?-actin,  the  latter  as  a  loading  control.  These 
experiments  show  that  nucleolin  expression  increases  p53  protein 
levels,  (c)  U2-OS  cells  were  transiently  transfected  with  either  GFPc 
or  GFPNu  expression  vectors.  As  indicated,  cells  were  treated  with 
2  fiM  CPT  for  90  min  to  cause  DNA  damage.  The  lysates  were 
blotted  for  p53  phosphorylated  on  Seri 5  (pS15-p53),  total  p53 
(p53),  p21cipl/wafl,  GFP  and  /?-actin.  In  this  panel,  note  that  the  anti- 
GFP  antibody  recognizes  GFP  in  lanes  1  and  2,  and  GFP-nucleolin 
in  lanes  3  and  4.  To  conserve  space,  the  appropriate  bands  from  the 
Western  blot  were  spliced  into  a  single  panel.  The  relative  amount 
of  p53  was  calculated  after  correction  for  the  amount  of  /?-actin. 


observe  repressive  effects  of  nucleolin  on  p53  protein 
levels,  except  when  high  amounts  of  the  nucleolin 
overexpression  vector  are  transfected  (data  not  shown). 
Under  our  conditions  which  employ  moderate  levels  of 
nucleolin,  the  translation  repression  mechanism  does 
not  appear  to  play  a  major  regulatory  role. 

It  is  possible  that  even  a  slight  increase  in  nucleolin 
expression  results  in  genotoxic  stress,  leading  to  p53 
activation  and  stabilization.  A  hallmark  of  human  p53 
activation  is  phosphorylation  of  Seri 5  by  members  of 
the  PIKK  family.  Testing  the  status  of  Seri  5,  nucleolin 
increased  the  total  p53  level  by  twofold,  and  the  level  of 
pSerl5-p53  remained  unaltered  (Figure  lc,  lanes  1  and 
3;  see  also  darker  exposure).  A  parallel  increase  in 
endogenous  p21cipl/wafl  protein  levels  was  also  observed 
(additional  p5 3-downstream  targets  are  examined  in 
more  detail  below).  In  contrast,  when  cells  transfected 
with  GFPc  (empty  vector)  or  GFPNu  were  treated  with 
the  DNA-damaging  agent  camptothecin  (CPT),  similar 
increases  in  both  the  total  and  pSerl5-p53  were  noted 
(lanes  2  and  4).  These  data  indicate  that  nucleolin 
increases  p53  levels  in  a  pathway,  at  least  in  part, 
distinct  from  that  utilized  by  cells  undergoing  genotoxic 
stress. 


Downmodulation  of  nucleolin  reduces  p53  levels 
To  more  clearly  show  that  nucleolin  causes  coordinate 
changes  in  the  level  of  p53,  we  employed  two  different 
nucleolin-specific  short-interfering  RNA  (siRNA)  mole¬ 
cules,  siNul  and  siNu2,  to  downmodulate  nucleolin 
levels.  At  24 h  post-transfection,  both  siNul  and  siNu2 
molecules  reduced  the  amount  of  nucleolin  protein  to  20 
and  40%,  respectively,  of  that  observed  in  cells  treated 
with  a  control  siRNA  molecule  directed  against 
luciferase  (siLuc)  (Figure  2a;  compare  lanes  2  and  5 
with  lane  1).  Control  experiments  found  that  the  level  of 
nucleolin  in  untransfected  cells  was  similar  to  that 
detected  in  siLuc- treated  cells  (compare  lanes  1  and  8). 
Reductions  in  the  amount  of  p53  comparable  to  that  of 
nucleolin  were  observed  when  p53  was  examined  by 
Western  blotting  (Figure  2a).  Similar  effects  were  seen 
by  immunofluorescence  microscopy  (Figure  2b).  Using 
either  siRNA  molecule,  cells  with  reduced  nucleolin 
staining  were  also  found  to  be  deficient  in  p53.  No  overt 
changes  in  the  localization  of  the  residual  p53  were 
noted  and  cell  morphology  remained  apparently  normal 
during  the  course  of  the  experiment.  At  late  times  post¬ 
transfection  (>72  h;  data  not  shown),  as  the  level  of 
nucleolin  returned  to  more  normal  levels,  the  relative 
increase  of  p53  was  found  to  be  slightly  higher  than  that 
observed  for  nucleolin.  p21cipl/wafl  prcqein  levels  were 
also  increased  and  a  significant  amount  of  death  was 
noted.  As  nucleolin  downmodulation  appears  to  be 
somewhat  toxic  to  cells,  we  postulate  that  this  stress  is 
responsible  for  the  relative  increase  in  p53  protein  levels. 
A  reduction  in  translational  repression  of  the  p53 
message  by  nucleolin  is  also  possible  (Takagi  et  al ., 
2005).  Overall,  we  find  that  alterations  in  the  level  of 
nucleolin  cause  parallel  changes  in  the  amount  of  p53 
protein. 
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Figure  3  Nucleolin  increases  the  p53  half-life,  (a)  HCT1 16-wt  cells 
were  transfected  with  either  GFPNu  or  GFPc.  At  48  h  post¬ 
transfection,  cells  were  treated  with  200  /ig/ml  cycloheximide 
(CHX)  for  indicated  times.  Lysates  were  prepared  and  analysed 
by  Western  blotting  for  p53,  GFP  (for  GFP  and  GFP-nucleolin) 
and  the  jS-actin  loading  control,  (b)  Plot  of  the  p53-expression  levels 
following  cycloheximide  treatment  in  cells  expressing  either  GFP- 
nucleolin  (solid  circles)  or  GFP  alone  (open  circles),  corrected  for 
the  levels  of  /Lactin.  A  similar  plot  results  if  the  p53  protein  levels 
were  corrected  for  the  GFP  signal,  as  well,  rather  than  /Lactin 
alone  (data  not  shown). 


indicate  that  heightened  nucleolin  expression  results  in 
significant  stabilization  of  the  p53  protein. 


Figure  2  Downmodulation  of  nucleolin  causes  a  corresponding 
decrease  in  p53.  U2-OS  cells  were  either  untransfected  (UN)  or 
transfected  with  nucleolin  (siNul  or  siNu2)  or  luciferase  (siLuc) 
siRNA  duplexes,  (a)  Lysates  were  prepared  at  various  times  post¬ 
transfection  (indicated),  and  nucleolin,  p53  and  /Lactin  were  then 
detected  by  Western  blotting,  (b)  At  24  h  post-transfection,  cells 
were  stained  with  anti-nucleolin  and  p53  antibodies,  and  visualized 
by  epifluorescence  microscopy.  Identical  exposure  times  were  used. 
Both  the  initial  depletion  of  nucleolin  protein  and  its  subsequent 
recovery  caused  parallel  changes  in  p53  levels.  Note  that  down- 
modulation  of  nucleolin  did  not  result  in  any  obvious  nucleolar 
disruption. 


Nucleolin  regulates  the  half-life  of  p53 
Because  p53  levels  are  primarily  governed  through  the 
regulation  of  p53  stability,  we  examined  the  influence  of 
nucleolin  on  the  p53  protein  half-life.  Following 
transfection  of  HCT1 16-wt  cells  with  either  GFPNu  or 
GFPc  expression  vectors,  cells  were  treated  with 
cycloheximide  and  then  harvested  at  various  times 
post-treatment.  Probing  the  lysates  for  p53  protein 
levels  indicated  a  longer  p53  half-life  in  cells  expressing 
GFP-nucleolin  (Figure  3a).  Densitometric  analysis  of 
the  p53  levels,  corrected  for  the  level  of  /?-actin  in  the 
same  sample,  confirmed  this  result  (Figure  3b).  In 
contrast,  knockdown  of  nucleolin  did  not  show  any 
obvious  destabilization  of  p53,  compared  to  use  of 
control  siRNA  molecules  (data  not  shown),  perhaps 
suggesting  that  nucleolin  might  use  additional  mechan¬ 
isms  to  control  p53  levels  (see  above).  In  sum,  our  data 


Nucleolin  inhibits  Hdm2-mediated  ubiquitination  of  p53 
in  vivo  and  in  vitro 

The  primary  pathway  of  p53  turnover  involves  ubiqui¬ 
tination  by  Hdm2  and  subsequent  proteasomal  degra¬ 
dation.  Because  our  data  suggest  that  nucleolin  might 
interfere  with  this  pathway,  we  examined  the  effect  of 
Hdm2  on  the  ability  of  nucleolin  to  modulate  p53  levels. 
We  observed  that  nucleolin  had  a  more  pronounced 
effect  on  p53  levels  in  U2-OS  cells  expressing  ectopic 
Hdm2  (Figure  4a).  In  the  absence  of  exogenous  Hdm2, 
nucleolin  stimulated  p53  levels  ~  2-fold  (Figure  4a,  lanes 
8-11,  compare  to  lane  1).  Expression  of  Hdm2  by  itself 
reduced  the  amount  of  p53  (lane  2),  and  ectopic 
nucleolin  expression  in  these  cells  increased  the  amount 
of  p53  by  ~  4-fold  over  these  lower  levels  (lanes  4-7; 
compare  to  lane  2).  Unexpectedly,  we  also  observed  that 
nucleolin  caused  a  marked  reduction  in  the  total  level  of 
Hdm2  (compare  lane  7  to  lane  2).  This  effect  is  studied 
in  more  detail  below.  Use  of  p53-null  HI 299  cells  that 
were  transiently  transfected  with  p53  (Figure  4b)  again 
found  that  nucleolin  caused  a  more  significant  p53 
increase  in  cells  also  expressing  ectopic  Hdm2  (3.9-fold, 
compare  lane  8  to  lane  4).  The  greater  effect  of  nucleolin 
on  p53  levels  in  the  presence  of  Hdm2  suggests  that 
nucleolin  inhibits  Hdm2.  If  nucleolin  did  not  act 
through  Hdm2,  nucleolin  would  be  expected  to  cause 
a  similar  fold  increase  of  p53  in  the  presence  or  absence 
of  Hdm2,  even  if  the  absolute  levels  of  p53  differed. 
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Figure  4  Hdm2  overexpression  stimulates  relative  increase  in  p53 
protein  levels  by  nucleolin.  Lysates  were  prepared  from  (a)  U2-OS 
or  (b)  H1299  cells  transfected  with  p53  and  Hdm2  (at  1:10  or  1:20 
ratios),  and  various  levels  of  GFPNu  (panel  a,  0. 1-0.9  /*g;  panel  b, 
1  x  and  2  x  correspond  to  0.3  and  0.6  fig).  Western  blotting  was 
used  to  assay  p53,  Hdm2  and  /?-actin.  The  level  of  p53,  determined 
by  densitometric  analysis  and  corrected  by  comparison  to  the 
amount  of  /?-actin,  is  shown  below  the  p53  panels.  The  data 
indicate  that  the  increase  in  p53  upon  nucleolin  overexpression  is 
more  pronounced  in  the  presence  of  exogenous  Hdm2. 


To  test  this  hypothesis,  we  characterized  the  effect  of 
nucleolin  on  the  Hdm2-mediated  ubiquitination  of  p53 
(Figure  5a).  In  U2-OS  cells,  as  expected,  expression  of 
ectopic  Hdm2  resulted  in  the  accumulation  of  poly- 
ubiquitinated  p53  (lower  panel,  lane  2),  which  was 
further  heightened  by  treatment  with  MG132  (lane  3). 
Strikingly,  co-expression  of  nucleolin  diminished  p53 
polyubiquitination,  particularly  at  the  higher  nucleolin 
levels,  and  led  to  the  formation  of  putative  mono-  and 
di-ubiquitinated  p53  (lanes  4-5).  Loss  of  the  residual 
polyubiquitinated  p53  at  the  higher  levels  of  nucleolin 
correlated  with  an  increase  in  the  amount  of  p53. 
Interestingly,  the  inhibition  of  ubiquitination  was 
persistent  even  in  the  presence  of  proteasomal  inhibitor 
(lane  6).  A  similar  loss  of  p53  polyubiquitination  was 
observed  in  HI 299  cells  following  high  nucleolin 
expression,  even  after  MG132  treatment  (Figure  5b, 
lower  panel),  and,  to  a  lesser  extent,  in  HCT1 16-wt  cells 
that  expressed  both  endogenous  p53  and  exogenous 
flag-tagged  p53  (Figure  5c,  lower  panel,  compare  lane  3 
to  lane  1).  Control  experiments  found  that  nucleolin  did 
not  appreciably  alter  the  overall  pattern  of  protein 
ubiquitination  (data  not  shown).  Hdm2  protein  levels 
were  diminished  with  ectopic  expression  of  GFPNu 
compared  to  GFPc  in  U2-OS,  HI 299  and,  to  a  lesser 


extent,  HCT116wt  cells  (Figure  5a-c).  Our  evidence 
indicates  that  nucleolin  selectively  disrupts  p53  ubiqui¬ 
tination  by  Hdm2,  resulting  in  p53  stabilization  and  an 
increase  in  cellular  p53. 

To  provide  direct  evidence  that  nucleolin  affects  p53 
ubiquitination,  we  utilized  an  in  vitro  reconstitution 
system  for  p53  ubiquitination  by  Hdm2,  using  purified 
proteins  (Wang  et  al .,  2002).  This  system  catalysed 
robust  p53  ubiquitination  in  an  Hdm2-dependent 
reaction  (Figure  5d;  lane  2).  While  purified  nucleolin 
had  no  effect  on  p53  modification  in  the  absence  of 
Hdm2  (lane  3),  the  addition  of  increasing  amounts  of 
nucleolin  to  Hdm2  dramatically  reduced  p53-ubiquiti- 
nation  (lanes  4  and  5).  These  results  demonstrate  that 
nucleolin  inhibits  Hdm2-mediated  ubiquitination  of  p53 
in  vivo  and  in  vitro. 

p53  stability  is  governed  by  a  balance  between  action 
of  various  E3  ubiquitin  ligases,  including  Hdm2  (Haupt 
et  al .,  1997;  Honda  et  al .,  1997;  Kubbutat  et  al .,  1997; 
Freedman  and  Levine,  1998;  Roth  et  al.,  1998),  COP1 
(Dornan  et  al.,  2004),  Pirh2  (Leng  et  al.,  2003)  and 
ARF-BPl/Mule  (Chen  et  al.,  2005),  and  ubiquitin- 
specific  proteases  that  remove  this  post-translational 
modification  (e.g.,  HAUSP  (Li  et  al.,  2002,  2004)).  To 
provide  additional  evidence  that  nucleolin  is  not  a 
general  inhibitor  of  p53  ubiquitination,  we  tested  HeLa 
cervical  carcinoma  cells.  HeLa  cells  are  transformed  by 
human  papillomavirus  (HPY)  type  18  and  express  the 
HPY  E6  oncoprotein  which,  in  conjunction  with  the 
cellular  E6-associated  protein  (E6-AP;  an  E3  ubiquitin 
ligase),  ubiquitinates  p53  and  destines  it  for  proteolytic 
degradation  (Wsierska-Gadek  and  Horky,  2003).  Over¬ 
expression  of  nucleolin  in  these  cells  had  no  significant 
effect  on  either  p53  levels  or  the  p53  ubiquitination  state 
(Figure  5e,  lane  3),  as  compared  to  the  empty  vector 
control  (lane  2).  These  data  indicate  that  nucleolin  does 
not  inhibit  p53  modification  by  E6/E6-AP.  These  data 
also  lead  to  the  conclusion  that  nucleolin  does  not  have 
an  associated  ubiquitin  protease  activity  similar  to  that 
of  HAUSP  (Li  et  al.,  2002,  2004),  as  such  activity  would 
be  expected  to  cause  a  loss  of  polyubiquitinated  p53.  We 
also  tested  the  effect  of  nucleolin  overexpression  on  the 
ability  of  p300,  a  putative  E4  ubiquitin  ligase  for  p53 
(Grossman  et  al.,  2003),  to  degrade  p53.  Nucleolin  had 
no  effect  on  p300  levels  and  was  unable  to  prevent  the 
dimunition  in  p53  levels  caused  by  p300  (data  not 
shown).  We  conclude  that  the  effect  of  nucleolin  is 
specific  for  Mdm2. 


Nucleolin  associates  with  Hdm2  and  inhibits  the  Hdm2 
ubiquitin  ligase  activity 

The  inhibition  of  p53  ubiquitination  could  be  a 
consequence  of  nucleolin  binding  to  the  C-terminal 
regulatory  region  of  p53  (Daniely  et  al.,  2002),  which 
contains  multiple  lysines  that  are  ubiquitination  targets 
(Rodriguez  et  al.,  2000),  and  hence  sterically  block 
Hdm2  action.  Alternatively,  nucleolin  might  directly 
bind  Hdm2  and  thereby  alter  its  ability  to  modify  p53. 
As  a  first  test  of  this  hypothesis,  we  tested  the  interaction 
of  endogenous  nucleolin  and  Hdm2  in  co-immunopre- 
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Figure  5  Nucleolin  inhibits  Hdm2-mediated  p53  ubiquitination  in  vivo  and  in  vitro,  (a)  U2-OS,  (b)  H1299  and  (c)  HCT116-wt  cells 
were  transfected  with  3  x  -Flag  p53  (15ng),  Hdm2  (300ng),  Ub-His  (150ng)  and  GFPNu  (600  and  900ng  for  U2-OS;  900ng  for  H1299 
and  HCT1 16-wt)  plasmids.  The  His-tagged  (ubiquitinated)  species  were  then  immunoprobed  for  the  presence  of  p53.  Total  lysates  were 
probed  for  GFP  (i.e.,  nucleolin),  p53  (total),  Hdm2  and  /hactin.  In  U2-OS  cells,  with  increasing  nucleolin  expression,  higher  molecular 
weight  species  of  p53  were  reduced  significantly,  even  in  the  presence  of  proteasomal  inhibitor  (panel  a,  lane  6).  A  similar  loss  of  p53 
poly-ubiquitination  was  observed  with  H1299  cells  (panel  b)  and,  to  a  lesser  extent,  in  HCT1 16-wt  cells  (panel  c).  (d)  In  vitro  p53 
ubiquitination  was  carried  out  as  described  in  Materials  and  methods,  in  the  presence  of  increasing  amounts  of  GST-nucleolin  (1-5  ng) 
purified  from  yeast.  Ubiquitinated  p53  was  visualized  by  immunoblotting  with  a  p53-specific  monoclonal  antibody  (DO-1),  (e)  HeLa 
cells  were  transfected  with  3  x  -Flag  p53  (25  ng),  Ub-His  (250  ng)  and  either  GFPNu  (1  jig)  or  GFPc  vector  (0.5  jig)  plasmids.  Cells 
were  treated  with  30  /iM  MG132  for  4h.  The  His-tagged  (ubiquitinated)  species  were  isolated  and  then  immunoprobed  for  the  presence 
of  p53.  Total  lysates  were  probed  for  GFP  (i.e.,  GFP  or  GFP-nucleolin),  p53  (total)  and  /i-actin.  Nucleolin  overexpression  did  not 
inhibit  p53  ubiquitination  in  HeLa  cells,  which  is  predominantly  regulated  by  HPV  E6. 
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cipitation  studies.  In  p53-positive  U2-OS  or  p53- 
negative  HI 299  cells,  use  of  either  of  two  different 
antibodies  to  immunoprecipitate  Hdm2  also  co-precipi- 
tated  nucleolin  (Figure  6a,  lanes  2  and  3).  The  control 
IgG  did  not  pull  down  either  Hdm2  or  nucleolin  (lane 
4).  The  reverse  immunoprecipitation  reaction  involving 
anti-nucleolin  antibodies  also  precipitated  Hdm2  from 
extracts  of  these  two  cell  lines  as  well  as  the  SJSA  line 
(which  overexpresses  endogenous  Hdm2)  (Figure  6b). 
Further,  endogenous  Hdm2  from  either  U2-OS  or 
HI 299  cells  formed  a  complex  with  ectopic  GFP- 
nucleolin  (Figure  6c,  lanes  3  and  6),  but  not  with  GFP 
alone  (Figure  6c,  lanes  2  and  5).  Similarly,  U2-OS  and 


HI 299  cells  were  transfected  with  both  Flag-Hdm2  and 
GFP-nucleolin,  or  the  corresponding  empty  vectors. 
Use  of  anti-Flag  antibodies  co-precipitated  Flag-Hdm2 
and  GFP-nucleolin  (Figure  6d,  lanes  3  and  6).  We 
consistently  observe  a  slightly  higher  level  of  nucleolin- 
Hdm2  complex  in  H1299  cells  as  compared  to  U2-OS 
cells,  even  though  the  latter  cell  line  has  more 
endogenous  Hdm2  protein  (Figure  S2).  As  mentioned, 
inhibition  of  p53-ubiquitination  was  also  found  to  be 
more  striking  in  HI 299  cells  than  in  U2-OS  cells  (Figure 
5a  and  b,  above).  While  these  differences  may  merely  be 
a  consequence  of  the  use  of  two  different  cell  types,  we 
note  that  HI 299  cells  are  p53-negative/ARF-positive, 
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Figure  6  Nucleolin  and  Hdm2  interact  in  vivo  and  in  vitro.  Lysates  from  non-transfected  p53-wt  (U2-OS,  SJSA)  and  p53-null  (H1299) 
cells,  as  indicated,  were  subjected  to  immunoprecipitation  using  (a)  two  different  antibodies  against  Hdm2  (Ab-1  and  SMP14),  control 
IgG  or  (b)  anti-nucleolin  antibodies.  The  immunoprecipitates  were  subjected  to  Western  analysis  using  anti-nucleolin,  Hdm2,  or  ft- 
actin  antibodies.  These  data  indicate  that  endogenous  nucleolin  and  Hdm2  associate  in  a  p53 -independent  manner,  (c)  U2-OS  or 
HI 299  cells  were  mock-transfected  (Cont),  or  transfected  with  the  empty  GFPc  (vec)  or  GFP-nucleolin  (nucleolin)  vectors,  as 
indicated,  (d)  Similarly,  U2-OS  or  H1299  cells  were  mock-transfected  (no  DNA  control;  ‘— ’),  or  transfected  with  the  empty  Flag  and 
GFP  vectors  (vec),  or  GFPNu  (nuc)  and  Flag-Hdm2  (hdm2)  vectors.  Aliquots  of  the  resulting  lysates  were  subjected  to 
immunoprecipitation  with  anti-Hdm2  (panel  c),  or  anti-Flag  (panel  d)  antibodies.  The  immunoprecipitates,  or  aliquots  of  the  original 
lysates,  were  immunoblotted  with  antibodies  directed  against  nucleolin,  Hdm2,  the  GFP  or  Flag  tags,  and  /1-actin.  ‘ns’  indicates  a  non¬ 
specific  band.  These  data  indicate  that  endogenous  and  exogenous  nucleolin  and  Hdm2  associate  in  a  p53-independent  manner.  We 
note  that  control  experiments  using  non-specific  IgG  were  unable  to  precipitate  either  tagged  or  endogenous  nucleolin  or  Hdm2.  (e) 
Hdm2  and  nucleolin  interact  in  vitro.  Whole-cell  extracts  from  HCT116-wt  and  -ko  cells  were  incubated  with  beads  containing  GST- 
alone  or  GST-Hdm2.  Following  binding  and  extensive  washing,  the  bead-bound  material  was  analysed  by  SDS-PAGE  and  Western 
blotting  for  nucleolin  and  GST.  To  conserve  space,  the  appropriate  bands  from  GST-alone  (lanes  1  and  2)  and  GST-Hdm2  (lanes  3 
and  4)  were  spliced  into  a  single  panel. 


while  U2-OS  cells  are  p53-positive/ARF-negative.  Fi¬ 
nally,  we  examined  the  ability  of  purified  glutathione- S- 
transferase  (GST)-Hdm2  to  interact  with  nucleolin  in 
lysates  from  HCT116-wt  or  -ko  cells.  Following 
incubation  of  GST-Hdm2  or  GST  alone  with  lysates, 
analysis  of  the  complexed  material  found  that  nucleolin 
bound  GST-Hdm2  (Figure  6e,  lanes  3  and  4)  but  did 
not  detectably  associate  with  GST  alone  (lanes  1  and  2). 
We  did  not  discern  any  influence  of  p53  on  the  ability  of 
nucleolin  to  bind  Hdm2  in  this  assay.  We  are  currently 
examining  the  interactions  between  p53,  Hdm2  and 
nucleolin  using  purified  components  to  more  directly 
test  the  possibility  that  p53  inhibits  nucleolin-Hdm2 
association.  In  sum,  these  data  indicate  that  nucleolin 
and  Hdm2  can  complex  in  vivo  and  in  vitro  in  a  p53- 
independent  manner. 


The  ability  of  nucleolin  and  Hdm2  to  physically 
interact  suggests  that  nucleolin  might  inhibit  the  Hdm2 
ubiquitination  activity  directly,  thereby  explaining  the 
effect  of  nucleolin  on  p53  modification.  To  test  this 
possibility,  we  examined  Hdm2  auto-ubiquitination  as 
an  indicator  of  its  overall  ubiquitin  ligase  activity.  In 
HI 299  cells  transfected  with  Hdm2  and  His-tagged 
ubiquitin  (Ub-His),  a  significant  level  of  ubiquitinated 
Hdm2  was  observed  (Figure  7a,  lane  4).  When  these 
cells  were  cotransfected  with  increasing  levels  of 
nucleolin,  the  level  of  ubiquitinated  Hdm2  and  total 
Hdm2  (n.b.,  the  ubiquitinated  proteins  were  not  isolated 
in  this  experiment)  progressively  declined  (lanes  5  and 
6).  At  the  highest  level  of  nucleolin,  ubiquitinated 
Hdm2  was  barely  detected  (lane  6).  Note  that  this 
level  corresponds  to  only  an  ~  2-fold  increase  in  total 
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Figure  7  Nucleolin  inhibits  Hdm2  auto-ubiquitination  and  reduces  Hdm2  levels  in  a  p53-independent  manner,  (a,  b)  Lysates  prepared 
from  HI 299  cells  transfected  with  Hdm2,  Ub-His  and  GFPNu  plasmids  (1  x  and  3  x  correspond  to  0.25  and  0.75  fig  of  the  GFPNu 
vector,  respectively)  were  analysed  for  Hdm2  and  nucleolin  (lower  panel)  using  specific  antibodies.  With  higher  nucleolin  expression 
(i.e.,  an  ~  2-fold  increase  in  total  nucleolin),  Hdm2  poly-ubiquitinated  products  as  well  as  total  Hdm2  levels  were  decreased.  In  panel  b, 
lysate  samples  used  in  lanes  4-6  of  panel  a  were  first  normalized  for  total  Hdm2  levels,  and  then  again  immunoblotted  for  Hdm2. 
Although  the  same  blot  image  was  used  for  upper  and  lower  panels,  the  signal  in  the  upper  panel  was  digitally  enhanced  to  more  clearly 
show  the  Hdm2-ubiquitination  products,  (c)  U2-OS  and  (d,  e)  HI 299  cells  were  transfected  with  Hdm2  (300  ng)  and  GFPNu  (panel  c, 
300,  600  and  900  ng;  panel  d,  25,100,  300,  600  and  900  ng;  panel  e,  100,  300,  600  and  900  ng).  HI 299  cells  were  either  used  as  a  p53-null 
cell  line  (panel  d)  or  transfected  with  3  x  -Flag  p53  (25  ng;  panel  e).  Cells  were  treated  with  30  /.iM  MG132  for  4  h  prior  to  harvest,  where 
indicated.  Aliquots  of  the  lysates  were  probed  by  Western  blot  for  GFP  (i.e.,  nucleolin),  Hdm2  and  /Factin. 
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nucleolin  (compare  endogenous  and  GFPNu  in  lane  6, 
lower  panel).  Because  nucleolin  has  an  effect  on  Hdm2 
protein  levels  (described  in  greater  detail  below),  we 
more  rigorously  tested  the  influence  of  nucleolin  on 
Hdm2  auto-ubiquitination.  HI 299  cells  were  trans¬ 
fected  with  Hdm2,  Ub-His  and  two  different  levels 
of  nucleolin  (Figure  7b).  Aliquots  that  contained 
equivalent  total  Hdm2  protein  were  removed  from  each 
lysate,  and  then  analysed  by  sodium  dodecyl  sulfate- 
polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and 
Western  blotting  to  determine  the  level  of  modified 
Hdm2.  Using  this  approach,  we  observed  that  heigh¬ 
tened  expression  of  nucleolin  resulted  in  a  loss  of 
the  ubiquitinated  form  of  Hdm2  (compares  lanes  2 
and  3  to  control  lane  1).  We  conclude  that  nucleolin 
inhibits  the  auto-ubiquitination  activity  of  Hdm2,  and 


this  reduced  ubiquitin  ligase  activity  contributes  to 
decreased  p53  ubiquitination. 


Nucleolin  diminishes  Hdm2  protein  levels 
As  indicated  above,  nucleolin  caused  an  apparent  loss  of 
Hdm2  protein,  even  though  inhibiting  Hdm2  auto- 
ubiquitination  (a  surprising  observation  because  heigh¬ 
tened  auto-ubiquitination  has  been  reported  to  destabi¬ 
lize  Hdm2  (Stommel  and  Wahl,  2004)).  We  therefore 
further  characterized  the  effect  of  nucleolin  on  Hdm2 
levels  in  various  cell  lines.  Because  endogenous  Hdm2 
levels  are  normally  very  low,  cells  were  transfected  with 
Hdm2  and  various  amounts  of  the  nucleolin  expression 
constructs.  In  U2-OS  cells,  increases  in  the  level  of 
nucleolin  caused  a  drastic  reduction  in  Hdm2  protein 
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levels  (Figure  7c,  lanes  4-6),  with  Hdm2  found  to  be 
virtually  undetectable  at  the  highest  level  of  nucleolin 
(lane  6).  A  similar  decrease  in  FI  dm2  protein  levels  was 
observed  in  HI 299  cells,  indicating  that  the  presence  of 
p53  was  not  required  for  nucleolin  to  mediate  this  effect 
(Figure  7d,  compare  lanes  4  and  9).  To  elucidate  if  the 
nucleolin-Hdm2  interaction  is  influenced  by  the  pre¬ 
sence  of  p53,  we  directly  tested  the  effect  of  p53 
(Figure  7e).  Nucleolin  again  diminished  the  level  of 
Hdm2  to  an  almost  undetectable  amount  (Figure  7e, 
compare  lane  7  to  lane  2).  The  downregulation  of  Hdm2 
expression  by  nucleolin  was  similar  in  the  presence  or 
absence  of  p53.  Interestingly,  upon  nucleolin  over¬ 
expression,  total  Hdm2  protein  accumulation  was 
slightly  reduced  in  the  presence  of  MG132  (Figure  7c, 
compare  lane  7  to  lane  3;  Figure  7e,  compare  lane  8  to 
lane  3).  Experiments  using  cells  in  which  nucleolin  levels 
were  downmodulated  by  RNA  interference  (RNAi)  did 
not  reveal  any  significant  differences  in  Hdm2  stability 
compared  to  cells  treated  with  a  control  siRNA  (data 
not  shown),  perhaps  indicating  that  nucleolin  uses  a 
mechanism  distinct  from  control  of  Hdm2  stability  to 
reduce  Hdm2  levels.  Overall,  these  data  indicate  that 
nucleolin  reduces  Hdm2  protein,  with  this  reduction  not 
strongly  influenced  by  p53. 


Nucleolin  stimulates  p53  transcriptional  activity  and 
inhibits  cellular  proliferation 

Because  changes  in  the  level  of  nucleolin  can  alter  the 
amount  of  p53  protein,  we  determined  the  effect  of 
nucleolin  on  various  p53-mediated  activities,  first  testing 
p53  transcriptional  activity  in  H1299  cells.  Using  p53- 
responsive  elements  from  the  promoters  of  the  cyclin- 
dependent  kinase  (cdk)  inhibitor  p21cipl/wafl  or  Mdm2 
genes,  we  found  that  nucleolin  stimulated  expression 
from  1.9-  to  3.4-fold  in  the  presence  of  p53  (Figure  8a). 
Nucleolin  in  the  absence  of  p53  had  no  significant  effect. 
We  also  measured  the  expression  of  endogenous  p21cipl/ 
wafl  protein,  and  found  that  nucleolin  increased  the  level 
of  this  key  cell-cycle  regulator  (Figure  8b).  At  the 
highest  level  of  nucleolin,  genotoxic  stress  did  not 
markedly  stimulate  the  expression  of  p53  or  p21cipl/wafl 
protein  (Figure  8b,  compare  lanes  4  and  5).  Further, 
when  the  isogenic  cell  lines  HCT116-wt  and  -ko  were 
examined,  higher  levels  of  p21cipl/wafl  were  again  seen 
following  expression  of  GFP-nucleolin  (Figure  8c,  lane 
2).  Only  very  low  levels  of  p21cipl/wafl  were  observed  in 
HCT116-ko  cells  expressing  GFP-nucleolin  (Figure  8c, 
lane  4),  demonstrating  that  the  stimulation  is  p53- 
specific.  Similar  results  were  noted  for  the  proapoptotic 
Bax  gene  product  (data  not  shown).  Testing  the  effect  of 
nucleolin  on  the  genotoxic  stress  response,  we  found 
that  nucleolin  expression  enhanced  p53  activation  at  low 
levels  of  CPT  as  compared  to  the  corresponding  vector 
control  (Figure  8d,  compare  lanes  2  and  3  with  lanes  6 
and  7,  respectively).  A  corresponding  increase  in  p21 
levels  was  similarly  noted  in  cells  expressing  GFP- 
nucleolin  compared  to  GFP  alone.  As  CPT  levels 
increased  further,  no  significant  differences  in  p53  and 
p21  levels  was  noted  between  these  cells  (lanes  4  and  8). 
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Figure  8  Nucleolin  stimulates  p53-dependent  p21cipl/wafl  expres¬ 
sion.  (a)  HI 299  cells  were  transfected  with  GFPNu  (nucleolin)  and/ 
or  3  x  Flag  p53  plasmids,  as  indicated,  and  the  Hdm2-  or  p21- 
promoter  reporter  constructs  driving  expression  of  firefly  luciferase. 
The  fold-change  in  firefly  luciferase  activity  is  plotted  relative  to  the 
level  of  Renilla  luciferase  in  the  same  extracts.  All  transfections 
were  performed  in  triplicates  in  two  independent  experiments.  The 
data  indicated  that  p53  stimulated  transcription  from  the  Mdm2 
promoter  with  a  P<0.05  confidence  criteria  (‘*’)  using  the  paired 
Student’s  t-test.  (b)  Lysates  of  U2-OS  cells  transfected  with 
increasing  levels  of  GFPNu  (100,  300  and  900  ng)  were  analysed 
for  GFP  (i.e.,  nucleolin),  p53,  p21cipl/wafl  and  /Factin  by  Western 
blotting.  To  generate  a  genotoxic  stress  response,  cells  were  treated 
with  2fiM  CPT  for  90  min  (lane  5).  The  data  indicate  that 
overexpression  of  nucleolin  in  U2-OS  cells  increases  the  protein 
level  of  the  p53  transcriptional  target  gene  product,  p21cipl/wafl.  (c) 
Isogenic  cell  lines  HCT116-wt  and  -ko  were  transfected  with  either 
GFP  or  GFPNu.  Lysates  were  then  subjected  to  Western  blotting 
to  reveal  p53,  p21cipl/wafl,  GFP  and  /Factin.  Note  that  the  GFP 
panel  is  spliced  with  the  antibody  recognizing  GFP  in  lane  1  and 
GFP-nucleolin  in  lanes  2,  3  and  4.  (d)  U2-OS  cells  transfected  with 
either  GFPNu  or  GFPc  were  subjected  to  various  concentrations 
of  CPT  (0.02,  0.2,  0.6  /iM)  for  4h.  The  levels  of  p53,  p21cipl/wafl, 
Hdm2  and  /Factin  in  cellular  lysates  were  then  analysed  by  Western 
blotting.  The  data  suggest  that,  at  low  levels  of  genotoxic  stress, 
nucleolin  enhances  p53  activation,  resulting  in  a  parallel  increase  in 
p21dpi/wafi  protein  levels. 
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As  found  above,  Hdm2  levels  were  significantly  reduced 
with  nucleolin  overexpression  as  compared  the  vector- 
transfected  cells.  These  data  indicate  that  upregulation 
of  p53  levels  by  nucleolin  can  also  lead  to  heightened 
expression  of  various  p53-responsive  genes. 

Because  nucleolin  increases  p21cipl/wafl  expression,  we 
examined  the  effect  of  nucleolin  expression  on  cell 
proliferation.  As  a  simple  indicator  of  proliferation,  we 
expressed  either  GFP  or  GFP-nucleolin  in  U2-OS  or 
SJSA  cells,  plated  the  cells  at  equal  low  densities,  and 
then  grew  the  cells  under  G418  selection  (Figure  9a). 
Visual  inspection  found  that  cells  expressing  GFP- 
nucleolin  had  a  clear  growth  disadvantage  over  cells 
expressing  GFP.  To  quantitate  this  effect,  we  expressed 
nucleolin  in  HCT116-wt  cells  and  observed  that 
nucleolin  inhibited  cell  growth  to  levels  ~60%  of  these 
same  cells  transfected  with  the  empty  vector  (Figure  9b). 
In  contrast,  nucleolin  expression  in  HCT116-ko  cells 
had  lesser  effect  as  compared  to  cells  transfected  with  an 
empty  vector  control,  with  this  residual  effect  potentially 
due  to  the  ability  of  nucleolin  to  inhibit  the  replication 
factor  RPA  (Daniely  and  Borowiec,  2000;  Wang  et  al., 
2001;  Kim  et  al .,  2005).  These  data  indicate  that 
heightened  expression  of  nucleolin  inhibits  cell  prolif¬ 
eration  in  a  p53-dependent  manner. 

p53  regulates  numerous  genes  involved  in  the  cellular 
apoptotic  program.  We  therefore  determined  if  p53- 
mediated  apoptosis  was  modulated  by  nucleolin.  Stable 
clones  of  U2-OS  cells  were  generated,  which  expressed 
either  GFP-nucleolin  or  GFP  alone.  Interestingly, 
although  cells  were  maintained  under  G418  selection, 
it  was  found  that  GFP-nucleolin  expression  was  lost  in 
~50%  of  cells  following  2  weeks  of  growth,  compared 
to  ~25%  of  cells  losing  GFP  expression  (data  not 
shown).  Following  selection,  the  fraction  of  GFP- 
positive  cells  undergoing  apoptosis  was  then  examined 
using  a  TdT-mediated  dUTP  nick-end  labeling  (TU- 
NEL)  assay  (Figure  9c).  In  all,  1500  cells  were  examined 
for  each  clone.  Cells  expressing  GFP-nucleolin  were 
found  to  have  an  ~  2-fold  higher  level  of  apoptosis 
(4.5%)  compared  to  cells  expressing  GFP  (2.5%).  Our 
data  indicate  that  heightened  nucleolin  expression  can 
both  inhibit  cellular  proliferation  and  increase  apoptosis 
under  normal  growth  conditions. 


Discussion 

The  ability  to  increase  p53  protein  levels  through 
binding  and  inhibition  of  the  p53-antagonist  Hdm2 
implicates  nucleolin  as  a  key  regulatory  factor  in  the 
p53-Hdm2  circuitry.  The  consequences  of  elevated  p53 
levels  are  enhanced  expression  of  p21cipl/wafl,  a  corre¬ 
sponding  reduction  of  cellular  proliferation  rate  and  an 
increased  rate  of  apoptosis.  Importantly,  the  nucleolin 
gene  contains  a  c-Myc  binding  site  (E-box)  in  the  first 
intron  and  nucleolin  transcription  is  stimulated  ~  4-fold 
by  c-Myc,  suggesting  that  it  is  directly  responsive  to 
proliferative  signals  (Greasley  et  al .,  2000).  Indeed, 
nucleolin  protein  expression  is  coupled  to  the  cellular 


C  e  U2-OS  stables 


Figure  9  Nucleolin  inhibits  cell  proliferation  and  increases 
apoptosis  in  non-stressed  cells,  (a)  (Upper  two  panels)  U2-OS 
and  SJSA  cells  expressing  either  GFPc  or  GFPNu  were  grown 
under  G418  drug  selection  for  ~3  weeks.  (Lower  panel)  Individual 
stable  U2-OS  clones  expressing  either  GFP  or  GFPNu  were  plated 
at  equal  density  and  grown  under  selection  for  21  days.  Colony 
formation  was  viewed  after  staining  with  crystal  violet.  Quantita¬ 
tion  of  colonies  formed  in  U2-OS  stables  indicated  a  2.6-fold  larger 
number  of  GFP  colonies  (n  =  216)  as  compared  to  colonies 
expressing  GFP-nucleolin  (n  =  83).  (b)  Transiently  transfected 
HCT116-wt  and  -ko  cells  were  harvested  at  40,  48,  72,  96  and 
120  h,  and  the  cell  density  determined.  The  relative  growth  rates 
were  determined  at  each  time  point,  and  averaged  for  each  cell  line- 
transfection  combination.  Use  of  the  paired  Student’s  t-test 
indicated  that  nucleolin  inhibited  growth  in  p53 -expressing  cells 
with  a  confidence  level  of  P<0.01  (***’).  (c)  The  TUNEL  assay  was 
performed  in  U2-OS  stable  clones  expressing  either  GFPc  or 
GFPNu.  In  total,  1500  cells  were  carefully  examined  to  determine 
cells  that  were  positive  for  both  GFP  and  TUNEL  staining. 


growth  rate,  with  proliferating  cells  having  a  >  3-fold 
higher  nucleolin  protein  levels  compared  to  quiescent 
cells  (e.g.,  see  Sirri  et  al .,  1997).  We  observe  significant 
effects  on  p53  levels  when  the  amount  of  nucleolin  is 
changed  only  ~ 0.5-2-fold.  Combined,  these  data 
indicate  that  nucleolin  increases  p53  protein  levels  in 
response  to  hyperproliferative  signals,  and  thereby 
provide  a  check  against  uncontrolled  cellular  growth. 

The  number  of  parallels  between  nucleolin  and  the 
ARF  tumor  suppressor  are  striking.  First,  similar  to  the 
nucleolin  properties  that  we  have  described,  ARF 
expression  is  upregulated  in  response  to  proliferative 
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signals  (de  Stanchina  et  al.,  1998;  Palmero  et  al.,  1998; 
Radfar  et  al.,  1998;  Zindy  et  al.,  1998).  At  these  elevated 
levels,  ARF  stabilizes  p53  by  associating  with  Mdm2 
(Kamijo  et  al.,  1998;  Pomerantz  et  al.,  1998;  Stott  et  al., 
1998;  Zhang  et  al.,  1998).  Second,  ARF  inhibits  the  E3 
ubiquitin  ligase  activity  of  Mdm2  (Honda  and  Yasuda, 
1999;  Midgley  et  al.,  2000),  and  has  been  reported  to 
reduce  Hdm2  levels  (Zhang  et  al.,  1998).  Third,  both 
factors  function  in  rRNA  processing,  although  nucleolin 
is  instrumental  in  facilitating  an  early  cleavage  event 
(Ginisty  et  al.,  1998),  while  pl9ARF  inhibits  downstream 
processing  steps,  likely  by  interference  with  the  nucleo- 
phosmin/B23  endoribonuclease  (Savkur  and  Olson, 
1998;  Itahana  et  al.,  2003;  Sugimoto  et  al. ,  2003; 
Bertwistle  et  al.,  2004).  Fourth,  as  would  be  expected 
of  proteins  with  ribosome  biogenic  functions,  both 
nucleolin  and  ARF  are  primarily  nucleolar  (Ginisty 
et  al.,  1999;  Zhang  and  Xiong,  1999;  Weber  et  al.,  2000). 
Importantly,  while  ARF  and  nucleolin  can  associate 
(Weber  et  al.,  2000),  our  observed  effects  of  nucleolin  on 
Hdm2  activity  and  p53  protein  levels  are  not  dependent 
upon  ARF  because  they  can  occur  in  cells  that  lack 
detectable  pl4ARF  mRNA  and  protein  expression.  It  is 
worth  emphasizing  that  ARF-null  cells  can  still  raise  p53 
levels  partially  or  completely  when  confronted  with 
oncogenic  stress,  demonstrating  the  existence  of  ARF- 
independent  mechanism(s)  (de  Stanchina  et  al.,  1998; 
Zindy  et  al.,  1998;  Tolbert  et  al.,  2002;  Verschuren  et  al., 
2002).  We  hypothesize  that  nucleolin  functions  in  such 
an  ARF-independent  pathway  to  regulate  p53  and 
Hdm2  in  response  to  hyperproliferative  signals. 

Because  nucleolin  has  numerous  activities  in  common 
with  ARF,  a  reasonable  question  to  ask  is  whether 
nucleolin  is  a  tumor  suppressor  itself.  While  our  data 
suggest  that  the  answer  to  this  question  is  likely  to  be 
yes,  we  are  not  aware  of  any  cancer  cells  expressing 
nucleolin  mutants.  This  may  simply  be  a  consequence  of 
the  critical  role  that  nucleolin  plays  in  rRNA  matura¬ 
tion.  Budding  and  fission  yeasts  deleted  for  the  gene 
encoding  a  nucleolin  homolog  (NSR1  and  gar2+, 
respectively)  are  viable,  but  show  severe  growth  defects 
and  have  aberrant  pre-rRNA  processing  (Kondo  and 
Inouye,  1992;  Lee  et  al.,  1992;  Gulli  et  al.,  1995). 
Similarly,  our  RNAi-mediated  downmodulation  of 
nucleolin  causes  toxic  effects  on  cell  viability  (data  not 
shown),  likely  resulting  from  an  inability  to  properly 
process  rRNA.  These  data  indicate  that  mammalian 
cells  lacking  nucleolin  will  be  non-viable,  or  at  least  have 
an  extreme  growth  restriction.  That  said,  it  is  con¬ 
ceivable  that  nucleolin  mutants  that  have  selective 
defects  in  the  interactions  with  Mdm2  and  p53  can  be 
constructed  and  thus  directly  tested  for  their  tumor 
suppressor  properties. 

We  find  that  nucleolin  binds  Hdm2,  inhibits  its  E3 
ubiquitin  ligase  activity  and  reduces  Hdm2  protein 
levels,  and  these  collectively  lead  to  an  increase  in  p53 
levels  in  non-stressed  cells.  Although  we  have  previously 
observed  that  nucleolin  can  associate  with  the  C- 
terminal  domain  of  p53  (which  is  the  target  for 
ubiquitination  (Rodriguez  et  al.,  2000)),  nucleolin-p53 
complex  formation  is  minimal  unless  cells  are  subjected 


to  genotoxic  stress  (Daniely  et  al.,  2002).  Taken 
together,  these  data  suggest  that  nucleolin  regulates 
p53  by  different  pathways  in  unstressed  cells  compared 
to  cells  undergoing  genotoxic  stress.  Nucleolin-Hdm2 
complex  formation  can  occur  under  normal  unstressed 
conditions,  even  though  their  predominant  subcellular 
localization  is  different  (nucleolar  vs  nucleoplasmic, 
respectively).  A  similar  paradox  was  noted  previously  in 
our  analysis  of  complexes  between  nucleolin  and  RPA 
(Kim  et  al.,  2005),  with  the  latter  factor  showing  only 
weak  localization  to  the  nucleolus.  Even  so,  use  of 
fluorescence  resonance  energy  transfer  (FRET)  demon¬ 
strated  that  RPA  had  significant  association  with 
particular  nucleolin  mutants  in  the  nucleolus  as  well  as 
the  nucleoplasm.  Because  nucleolin  is  a  highly  mobile 
factor  constantly  shuttling  from  the  nucleolus  to 
nucleoplasm,  association  can  also  occur  in  the  latter 
compartment.  For  Hdm2,  like  RPA,  our  immunopreci- 
pitation  studies  suggest  that  the  fraction  of  the  nucleolin 
and  Hdm2  pools  interacting  with  each  other  is  relatively 
small.  Because  we  nevertheless  find  that  nucleolin  has 
effects  on  Hdm2  activity,  this  suggests  that  nucleolin- 
Hdm2  complex  formation  is  predominantly  transient  in 
nature. 

The  ability  of  nucleolin  to  both  inhibit  Hdm2  auto- 
ubiquitination  and  cause  a  reduction  in  Hdm2  protein 
levels  is  surprising.  Heightened  Mdm2  auto-ubiquitina- 
tion  has  been  found  to  stimulate  its  degradation 
(Stommel  and  Wahl,  2004);  yet  we  find  that  nucleolin 
both  inhibits  auto-ubiquitination  and  decreases  Hdm2 
protein  levels.  Because  the  effect  of  nucleolin  can  be 
partly  reversed  by  use  of  a  proteasomal  inhibitor 
(MG132;  Figure  7c  and  e),  it  is  possible  that  nucleolin 
facilitates  Hdm2  degradation  even  though  preliminary 
results  have  not  revealed  any  obvious  effects  of 
nucleolin  overexpression  or  knockdown  on  Hdm2 
half-life  (data  not  shown).  Other  mechanisms  are 
possible.  Although  nucleolin  is  predominantly  a  nucleo¬ 
lar  protein,  it  constantly  shuttles  between  the  nucleus 
and  cytoplasm  (Borer  et  al.,  1989).  Thus,  it  is  possible 
that  nucleolin  aids  Hdm2  export  to  the  cytoplasm  and 
stimulates  its  degradation.  Because  nucleolin  regulates 
the  stability  of  specific  mRNAs  (e.g.,  Bcl-2  and  gadd45a; 
Sengupta  et  al.,  2004;  Zheng  et  al.,  2005),  we  do  not  rule 
out  the  possibility  that  nucleolin  might  also  regulate 
translation  of  the  Hdm2-encoding  mRNA  (as  it 
regulates  p53  translation  following  DNA  damage  in 
MCF7  cells;  Takagi  et  al.,  2005)  or  Hdm2  mRNA 
stability.  The  mechanism  by  which  nucleolin  inhibits  the 
ubiquitin  ligase  activity  of  Hdm2  is  similarly  unclear. 
Complex  formation  with  nucleolin  may  cause  confor¬ 
mational  changes  in  Hdm2  that  inhibit  the  ubiquitin 
ligase  reaction.  Alternatively,  the  presence  of  nucleolin 
has  the  potential  to  sterically  block  the  association  of 
Hdm2  with  the  E2  ubiqui tin-conjugating  enzyme  or  p53. 
These  and  other  possibilities  are  under  investigation. 

Previous  data  from  our  laboratory  and  others  indicate 
that  nucleolin  can  inhibit  chromosomal  DNA  replica¬ 
tion  following  heat  shock  and  genotoxic  stress  via 
complex  formation  with  the  essential  DNA  replication 
factor  RPA  (Daniely  and  Borowiec,  2000;  Wang  et  al.. 
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2001;  Kim  et  al .,  2005).  Thus,  nucleolin  can  regulate  cell 
cycle  progression  both  through  a  p5 3-independent 
pathway  and  the  p53 -dependent  pathway  described 
here.  Recently,  it  has  been  shown  that  nucleolin  inhibits 
translation  of  the  p53  mRNA  following  DNA  damage 
in  MCF7  cells  (Takagi  et  al .,  2005).  Combined  with  the 
defined  involvement  of  nucleolin  in  rRNA  processing 
(Ginisty  et  al.,  1998;  Saez-Vasquez  et  al.,  2004),  these 
findings  show  nucleolin  to  be  a  central  factor  that 
integrates  critical  cellular  processes,  including  ribosome 
biogenesis,  proliferation  and  the  response  to  stress. 

More  generally,  it  is  now  becoming  obvious  that  a 
number  of  proteins  involved  in  ribosome  biogenesis 
regulate  Mdm2  activity  or  modulate  the  Mdm2-antago- 
nist  ARF.  In  addition  to  nucleolin,  factors  such  as 
nucleophosmin/B23  (Itahana  et  al.,  2003;  Bertwistle 
et  al.,  2004;  Kurki  et  al.,  2004;  Korgaonkar  et  al.,  2005) 
and  the  large  ribosomal  subunits  L5,  Lll  and  L23 
(Lohrum  et  al.,  2003;  Zhang  et  al.,  2003;  Bhat  et  al., 
2004;  Dai  and  Lu,  2004;  Dai  et  al.,  2004;  Jin  et  al.,  2004) 
have  each  been  found  to  inhibit  Mdm2.  It  has  been 
estimated  that  pre-rRNA  synthesis  accounts  for  ~40- 
60%  of  total  cellular  transcription  (Hannan  et  al.,  1998), 
while  more  than  half  of  total  protein  synthesis  is  devoted 
towards  ribosome  production  (Moss,  2004).  Cellular 
transformation  has  been  suggested  to  proceed  in  step 
with  deregulated  protein  synthesis  (see,  e.g.  Ruggero 
and  Pandolfi,  (2003)  and  references  therein).  It  would 
not  be  unexpected  that  inordinately  high  demands  for 
protein  synthesis  as  found  within  incipient  cancer  cells 
would  cause  the  induction  of  p53  as  a  barrier  to  inhibit 
tumor  development.  Thus,  expressed  elements  of  the 
ribosome  biogenic  machinery  (ribo-proteome)  concei¬ 
vably  serve  as  a  signal  to  control  cell  proliferation  and 
apoptosis  through  the  p53  pathway. 


Materials  and  methods 

Nucleolin,  p53  and  Hdm2  expression  vectors 
The  expression  constructs  for  human  nucleolin  full  length  (aa 
1-707)  containing  an  N-terminal  GFP-  (GFPNu),  Myc  or 
Flag-tag  were  described  previously  (Kim  et  al.,  2005).  To 
generate  suitable  vectors  for  stable  expression  in  the  HCT116 
cell  lines,  the  puromycin-resistance  gene  was  cloned  into 
GFPNu  and  GFPc  (GFP-only;  pEGFP-Cl  from  BD  Bios¬ 
ciences  Clontech,  Mountain  View,  CA,  USA)  expression 
vectors.  GST-Hdm2  was  induced  and  expressed  from  Escher¬ 
ichia  coli  BL21  cells  using  the  pGEX6P  (Amersham  Pharma¬ 
cia,  Piscataway,  NJ,  USA)  vector.  The  Flag-p53  wt  (human), 
Hdm2  wt  and  His6-tagged  ubiquitin  (Ub-His)  constructs  were 
kindly  provided  by  M  Oren  (Weizmann  Institute,  Rehovot, 
Israel),  B  Vogelstein  (John  Hopkins  University,  Baltimore, 
MD,  USA)  and  M  Pagano  (New  York  University  School  of 
Medicine,  New  York,  NY,  USA),  respectively. 

Antibodies 

The  primary  antibodies  used  for  immunoprecipitation  or 
Western  blotting  were  as  follows:  nucleolin,  either  the  mouse 
monoclonal  MS-3  or  rabbit  polyclonal  H250  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA,  USA);  GFP,  the  rabbit 
polyclonal  anti-GFP  antibody  (Molecular  Probes,  Carlsbad, 
CA,  USA);  p53,  mouse  monoclonal  DO-1  (Santa  Cruz 
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Biotechnology);  p53  phosphorylated  on  Seri  5,  rabbit  poly¬ 
clonal  pS15p53  (Cell  Signaling  Technology,  Danvers,  MA, 
USA);  p21,  mouse  monoclonal  CIP1  (BD  Biosciences  Phar- 
mingen,  San  Diego,  CA,  USA);  and  Hdm2,  mouse  monoclonal 
SMP14  (Santa  Cruz  Biotechnology)  or  Abl  (Oncogene  Res. 
Products,  San  Diego,  CA,  USA).  Mouse  monoclonal  antibodies 
against  GST,  FLAG  (M2)  and  /kactin  were  obtained  from 
Sigma- Aldrich  (St  Louis,  MO,  USA).  The  secondary  antibodies 
used  were  anti-mouse  and  anti-rabbit  HRP-conjugated  anti¬ 
bodies  (Amersham),  and  fluorescent-conjugate  antibodies 
(Jackson  Immuno Research,  West  Grove,  PA,  USA). 

Cell  culture  and  transfection 

HCT116  p53-wt  and  -ko  cell  lines  (Bunz  et  al.,  1998)  were 
kindly  provided  by  Dr  Bert  Vogelstein  (Johns  Hopkins 
University,  Baltimore,  MD,  USA).  All  other  cell  lines  were 
obtained  from  ATCC.  Plasmid  transfections  were  performed 
using  Effectene  transfection  reagent  (Qiagen,  Valencia,  CA, 
USA).  Nucleolin  overexpression  did  not  result  in  any 
significant  changes  to  either  the  cellular  or  nucleolar  appear¬ 
ance,  and  did  not  cause  any  apparent  toxic  effects  on  cells. 
When  required,  CPT  (Sigma-Aldrich;  a  stock  concentration  of 
lOmM  in  DMSO)  was  directly  added  to  the  growth  media  to  a 
final  concentration  of  2fiM  for  90  min.  To  determine  the  p53 
half-life,  HCT116-wt  cells  were  transfected  with  either  GFPc 
or  GFPNu  vectors.  At  36  h  post- transfection,  cells  were  treated 
with  cycloheximide  (200^g/ml),  and  harvested  at  various 
times.  Lysates  were  prepared  and  analysed  by  Western  blotting 
with  anti-p53  antibodies  (DO-1). 

To  generate  stable  cell  lines,  U2-OS  cells  were  seeded  at 
5  x  105  cells  per  60-mm  plate  and  transfected  with  1  fig  of 
GFPNu  or  0.5  fig  of  GFPc  vectors.  Post-transfection  (18  h), 
the  cells  were  replated  at  the  density  of  104  cells/ 10  cm  dish  in 
duplicates.  GFP-expressing  cells  were  selected  in  McCoy’s  5 A 
media  containing  400  or  800  fig/ ml  G418  (Cellgro)  medium  for 
21  days,  with  the  drug-containing  media  replaced  every  week. 
Individual  clones  were  subsequently  isolated  and  expanded 
over  a  2-4- week  period. 

For  nucleolin  downmodulation  experiments,  siRNA  du¬ 
plexes  (Dharmacon,  Lafayette,  CO,  USA)  corresponding  to 
nucleolin  positions  2215-2235  (siNul)  or  2292-2310  (siNu2;  in 
the  3'  untranslated  sequence)  were  employed,  using  nucleolin 
sequence  information  from  Accession  NM_005381.  U2-OS 
cells  in  24-well  plates  were  transfected  with  200  nM  of  either 
siNul  or  siNu2,  and  then  harvested  at  24,  48  and  72  h  post¬ 
transfection.  Luciferase  siRNA  (siLuc)  was  used  as  a  control. 
Immunofluorescence  microscopy  was  performed  as  described 
by  Vassin  et  al.  (2004). 

Assay  of  p53  and  Hdm2  ubiquitination 

Purification  of  His6-ubiquitinated  p53  conjugates  was  per¬ 
formed  essentially  as  described  in  Rodriguez  et  al.  (1999).  Cells 
were  processed  36  h  post-transfection  with  3  x  Flag-p53  and 
Hdm2  (at  a  ratio  of  1:20),  Ub-His,  GFPNu  and  pBluescript 
pIIKS  +  (the  latter  reagent  used  to  equalize  the  total  amount 
of  DNA  transfected).  An  aliquot  of  the  cell  suspension  (20%) 
was  directly  used  for  Western  blot  analysis  (see  below).  The 
remaining  cells  were  lysed  with  denaturing  buffer  (6  M 
guanidinium-HCl,  0.1  M  Na2HP04/NaH2P04,  0.01  M  Tris- 
HC1,  pH  8.0,  5mM  imidazole  and  10  mM  /kmercaptoethanol), 
the  His-tagged  ubiquitinated  proteins  purified  on  Ni2+-NTA- 
agarose  beads  (Qiagen),  and  then  analysed  by  Western  blotting 
using  specific  antibodies  against  p53. 

For  identifying  the  ubiquitinated  Hdm2  species,  HI 299  cells 
were  transfected  for  24-36  h  with  Flag-Hdm2  and  GFPNu  (at 
ratios  of  1: 1-1:3),  Ub-His  and  pBluescript  pIIKS-h  vectors. 
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When  required,  cells  were  treated  with  the  proteasome 
inhibitor  MG  132  (30  fiM;  Calbiochem)  for  4h  prior  to  harvest. 
Following  washing  with  1  x  phosphate-buffered  saline  (PBS), 
cells  were  lysed  directly  on  100  mm  dishes  in  50  mM  Tris-HCl, 
pH  7.6,  0.5  mM  ethylene  diamine  tetraacetate  (EDTA),  1%  (w/ 
v)  SDS  and  1  mM  dithiothreitol  (DTT),  scraped  into  eppendorf 
tubes  and  boiled  for  10  min.  The  concentration  of  the  cell 
lysate  was  determined  and  Western  blot  analysis  was 
performed  with  an  anti-Hdm2  (SMP14)  antibody. 

In  vitro  ubiquitination  was  performed  as  described  by  Wang 
et  al.  (2002).  Reactions  (15  ^1)  containing  bacterially  expressed 
human  El,  E2  (GST-UbcH5),  p53  (1  pi  produced  in  a  wheat 
germ  transcription-coupled  in  vitro  translation  system  (Pro- 
mega,  Madison,  WI,  USA)),  GST-Mdm2  (400  ng)  and  10  pg 
ubiquitin  (Sigma),  GST-nucleolin  (Kim  et  al .,  2005),  1  jUg/ml 
ATPyS  (Boehringer,  Ridgefield,  CT,  USA),  40  mM  Tris-HCl, 
pH  7.5,  2mM  DTT,  and  5mM  MgCl2  were  incubated  for 
60  min  at  30°C.  Reactions  were  quenched  by  addition  of  15/d 
of  SDS-PAGE  buffer,  boiled  for  5  min  and  analysed  by  8% 
SDS-PAGE  and  Western  blotting  with  an  anti-p53  antibody 
(DO-l). 

Immunoprecipitation  and  GST-pulldown 

Transfected  cells  were  lysed  in  20  mM  A-2-hydroxyethylpiper- 
azine-A'-2-ethanesulfonic  acid  (HEPES),  pH  7.4,  lOOmM 
NaCl,  0.5%  (v/v)  Nonidet  P  (NP)-40,  10%  (v/v)  glycerol, 
2  mM  EDTA,  1  mM  phenylmethylsulfonyl  fluoride  (PMSF), 
0.1  mM  Na3V04,  1  mM  NaF,  and  1  pg  per  ml  each  of  aprotinin, 
leupeptin  and  pepstatin.  Cell  extracts  were  incubated  with  the 
desired  primary  antibody  for  2h  at  4°C,  and  the  immuno- 
complex  captured  using  either  protein  A  or  protein  G-plus 
beads  at  4°C  overnight.  The  beads  were  then  washed  five  times 
with  BC100  buffer  (20mM  Tris-HCl,  pH  7.9,  0.1  mM  EDTA, 
10%  glycerol,  100mM  KC1,  4mM  MgCl2,  0.2  mM  PMSF, 

1  mM  DTT  and  0.25  pg  per  ml  of  pepstatin),  eluted  with 

2  x  SDS-PAGE  lysis  buffer  and  boiled  for  10  min.  The 
proteins  were  resolved  by  SDS-PAGE  gels  and  analysed  by 
Western  blotting. 

To  evaluate  Hdm2  and  nucleolin  binding  in  vitro ,  a  GST 
pulldown  assay  was  performed.  GST-Hdm2  and  GST-alone 
were  purified  to  near  homogeneity  on  glutathione-Sepharose 
beads.  Whole-cell  extracts  were  prepared  from  HCT116-wt 
and  -ko  cells  in  lysis  buffer  (50  mM  Tris,  pH  8.0,  150mM  NaCl, 
1%  (v/v)  NP-40,  1%  (v/v)  Triton  X-100,  2mM  DTT,  2mM 
PMSF  and  1  pg  per  ml  each  of  aprotinin,  leupeptin  and 
pepstatin).  Prior  to  the  binding  assay,  lysates  were  diluted  10- 
fold  with  lysis  buffer  containing  200  mM  NaCl  but  lacking  NP- 
40  and  Triton  X-100  (i.e.,  to  reduce  the  NP-40  and  Triton  X- 
100  levels  to  0.1%  (v/v)  each),  and  then  pre-cleared  thrice  over 
the  glutathione-Sepharose  beads  before  being  loaded  onto  the 
GST-Hdm2  or  GST-alone  affinity  columns.  An  equivalent 
amount  of  GST-Hdm2-  or  GST-bound  beads  were  loaded 
with  equal  amount  of  protein  from  HCT116-wt  or  -ko  cell 
lysates  and  incubated  at  4°C  overnight.  The  beads  were 
washed  extensively  with  25  mM  Tris-HCl,  pH  7.8,  500  mM 
NaCl,  1  mM  EDTA,  1  mM  DTT,  10%  (v/v)  glycerol,  0.2%  (v/ 
v)  NP-40,  1%  (v/v)  Triton  X-100  and  0.1%  sodium 
deoxycholate,  and  then  equilibrated  with  25  mM  Tris-HCl, 
pH  7.8,  100  mM  NaCl,  1  mM  EDTA,  1  mM  DTT,  10%  (v/v) 
glycerol  and  0.2%  (v/v)  NP-40  for  loading.  Proteins  bound  to 
the  beads  were  analysed  by  Western  using  anti-nucleolin  and 
anti-GST  antibodies. 

Western  blot  analysis 

To  visualize  total  cellular  proteins,  the  cell  suspension  was 
pelleted  and  lysed  in  NP-40  lysis  buffer  (150mM  NaCl,  50  mM 


Tris-HCl,  pH  8.0,  5  mM  EDTA,  pH  8.0,  1%  (v/v)  NP-40,  2mM 
DTT,  2mM  PMSF),  and  incubated  on  ice  for  30  min.  Lysates 
were  similarly  obtained  from  the  Hdm2  ubiquitination 
experiments.  Proteins  were  subjected  to  Western  blot  analysis 
using  standard  conditions  and  visualized  using  ECL-Plus 
(Perkin-Elmer,  Wellesley,  MA,  USA).  Digital  images  were 
analysed  using  Image  SXM  and  ImageJ  software.  /i-Actin  was 
used  for  normalization  when  quantitating  band  intensities. 

Transcription  assays 

Plasmids  encoding  firefly  luciferase  under  the  control  of  the 
p21  or  Hdm2  promoter  were  kindly  provided  by  M  Oren. 
Briefly,  p21  and  Hdm2  promoter  sequences  (both  of  which 
contain  a  p53  response  element)  were  amplified  by  PCR  and 
ligated  into  pGL3-Basic  reporter  plasmid  (Promega),  upstream 
of  the  luciferase  gene.  HI 299  cells  were  transfected  with  Flag- 
p53  and/or  GFPNu  plasmids,  along  with  either  the  p21-Luc  or 
Hdm2-Luc  reporter  constructs.  Renilla  luciferase  under  the 
control  of  cytomegalovirus  (CMV)  promoter  was  cotrans¬ 
fected  as  a  control.  Cells  were  harvested  24  h  post-transfection 
and  luciferase  assayed  with  a  commercial  double  luciferase  kit 
(Promega),  employing  a  TD-20e  luminometer  (Turner  BioSys- 
tems,  Sunnyvale,  CA,  USA).  Luciferase  activities  were 
normalized  against  the  level  of  Renilla  luciferase  in  the  same 
extracts. 

Proliferation  assay 

For  visual  examination  of  proliferation  rates,  U2-OS  and 
SJSA  cells  stably  transfected  with  GFPNu  or  GFPc  cells  were 
plated  at  constant  density  and  grown  for  3-4  weeks  under 
G418  selection.  Cells  were  fixed  with  10%  T-cell  antigen  for 
10  min  at  room  temperature,  and  then  stained  with  crystal 
violet  (0.5  in  80%  methanol)  for  15  min.  For  assessing  the 
effect  of  nucleolin  expression  on  growth  rate,  HCT116-wt  and 
-ko  cell  lines  were  transiently  transfected  with  Flag-nucleolin 
or  empty  Flag  vectors.  At  24  h  post-transfection,  cells  were 
counted  and  replated  at  equivalent  densities  into  96-well  plates 
in  triplicate.  Cells  were  harvested  at  different  time  points  (40, 
48,  72,  96  and  120  h  post-transfection)  and  stained  with  0.1% 
crystal  violet  in  80%  methanol.  After  the  cells  were  washed 
thoroughly  with  1  x  PBS,  the  crystal  violet  was  eluted  in 
absolute  ethanol  and  measured  at  600  nm  in  a  96-plate  reader 
(Dynatech  MR7000)  as  a  measure  of  cell  density.  The 
experiment  was  performed  on  three  independent  occasions  in 
triplicate.  The  relative  growth  rates  were  determined  at  each 
time  point  and  averaged. 

TUNEL 

Apoptosis  was  assayed  by  TUNEL  using  the  In  Situ  Cell 
Death  Detection  Kit  (TMR  Red;  Roche,  Indianapolis,  IN, 
USA)  following  the  manufacturer’s  protocol.  Following  end¬ 
labeling,  the  cells  were  viewed  by  fluorescence  microscopy  to 
visualize  the  TUNEL  stain,  GFP  and  Hoechst.  GFPc-  or 
GFPNu-positive  cells  with  either  complete  or  granular  nuclear 
TUNEL  staining  were  considered  as  positive  apoptotic  cells. 
In  total,  1500  cells  were  counted  for  each  construct. 
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Human  replication  protein  A  (RPA),  the  primary  single- stranded  DNA-binding  protein,  was  previously 
found  to  be  inhibited  after  heat  shock  by  complex  formation  with  nucleolin.  Here  we  show  that  nucleolin-RPA 
complex  formation  is  stimulated  after  genotoxic  stresses  such  as  treatment  with  camptothecin  or  exposure  to 
ionizing  radiation.  Complex  formation  in  vitro  and  in  vivo  requires  a  63-residue  glycine-arginine-rich  (GAR) 
domain  located  at  the  extreme  C  terminus  of  nucleolin,  with  this  domain  sufficient  to  inhibit  DNA  replication 
in  vitro.  Fluorescence  resonance  energy  transfer  studies  demonstrate  that  the  nucleolin-RPA  interaction  after 
stress  occurs  both  in  the  nucleoplasm  and  in  the  nucleolus.  Expression  of  the  GAR  domain  or  a  nucleolin 
mutant  (TM)  with  a  constitutive  interaction  with  RPA  is  sufficient  to  inhibit  entry  into  S  phase.  Increasing 
cellular  RPA  levels  by  overexpression  of  the  RPA2  subunit  minimizes  the  inhibitory  effects  of  nucleolin  GAR 
or  TM  expression  on  chromosomal  DNA  replication.  The  arrest  is  independent  of  p53  activation  by  ATM  or 
ATR  and  does  not  involve  heightened  expression  of  p21.  Our  data  reveal  a  novel  cellular  mechanism  that 
represses  genomic  replication  in  response  to  genotoxic  stress  by  inhibition  of  an  essential  DNA  replication 
factor. 


Genomic  stability  requires  that  cell  cycle  progression  is 
tightly  regulated  and  can  be  blocked  at  key  transitions  in  re¬ 
sponse  to  genotoxic  stress  (38).  In  response  to  such  stresses, 
eukaryotic  cells  activate  pathways  that  both  prevent  entry  into 
S  phase  and  inhibit  DNA  synthesis  in  cells  currently  undergo¬ 
ing  replication.  Whereas  certain  mechanisms  have  been  iden¬ 
tified  that,  for  example,  block  kinases  necessary  for  S-phase 
progression  (e.g.,  references  10,  11,  and  19),  other  inhibitory 
pathways  likely  exist.  Study  of  replication  protein  A  (RPA),  the 
primary  single-stranded  DNA  binding  protein  in  eukaryotes 
(31,  57),  has  shown  that  this  factor  is  a  target  for  inactivation 
in  response  both  to  genotoxic  stress  and  heat  shock  (8,  13,  36, 
37,  52,  54,  55).  However,  the  mechanisms  of  inactivation  re¬ 
main  poorly  understood. 

RPA  is  composed  of  three  distinct  subunits  of  —70  (RPA1), 
30  (RPA2),  and  14  (RPA3)  kDa  and  is  an  essential  factor  in 
many  DNA  processing  reactions.  Genetic  and  biochemical 
studies  demonstrate  that  RPA  has  required  roles  both  in  the 
initiation  and  in  the  elongation  stages  of  DNA  replication  (31, 
57).  Similarly,  RPA  is  necessary  for  homologous  recombina¬ 
tion  and  for  DNA  repair  events  that  use  the  recombination 
machinery  (for  example,  see  reference  53  and  references 
therein).  It  is  also  indispensable  for  nucleotide  excision  repair 
(1).  Along  with  stabilizing  DNA  in  its  single-stranded  form, 
RPA  supports  the  activity  of  other  factors  through  obligate 
interactions.  For  example,  simian  virus  40  (SV40)  DNA  repli¬ 
cation  can  be  reconstituted  with  RPA  of  a  metazoan  origin  but 
not  with  Saccharomyces  cerevisiae  RPA  (6,  39).  RPA  is  inti¬ 
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mately  involved  in  the  cellular  checkpoint  response  as  RPA 
recruits  the  ATR-ATRIP  complex  to  sites  of  DNA  damage 
and  supports  activation  of  the  ATR  kinase  (59).  RPA  also 
recruits  the  replication  factor  C-like  Rad  17  complex  to  various 
DNA  structures  and  assists  the  binding  of  the  Rad9-Radl- 
Husl  complex  (60). 

As  would  be  expected  of  a  protein  with  multiple  roles  in 
DNA  metabolism  and  in  the  response  to  DNA  damage,  RPA 
activity  is  regulated  at  various  levels.  The  RPA2  subunit  of 
RPA  becomes  phosphorylated  in  response  to  genotoxic  stress 
by  phosphatidylinositol  3 -kinase-related  kinases,  including 
ATM  and  DNA-PK  (see  citations  within  references  5  and  52). 
Mutational  analysis  of  the  RPA2  phosphorylation  sites  indi¬ 
cates  that  RPA  phosphorylation  prevents  recruitment  of  RPA 
to  replication  centers  while  having  no  effect  on  localization  to 
sites  of  DNA  damage  (52).  Downregulation  of  RPA  activity 
also  occurs  by  apparent  phosphorylation-independent  mecha¬ 
nisms.  The  most  clearly  identified  pathway  involves  the  inhibi¬ 
tion  of  RPA  activity  by  association  with  the  nucleolar  factor 
nucleolin  (13,  54). 

Nucleolin  is  an  abundant  protein  that  is  required  for  the  first 
step  of  pre-rRNA  processing  (22).  Mutation  of  the  genes  en¬ 
coding  nucleolin  homologues  in  budding  and  fission  yeast  dis¬ 
rupts  balanced  production  of  the  small  and  large  ribosomal 
subunits  (24,  34,  35).  Nucleolin  has  many  other  diverse  activ¬ 
ities,  including  regulation  of  transcription  (20,  23,  26,  45,  58), 
modulation  of  mRNA  stability  (9,  48),  and  acting  as  a  low- 
affinity  receptor  for  human  immunodeficiency  virus  on  the  cell 
surface  (7,  41).  In  response  to  DNA  damage  conditions  or  heat 
shock,  a  significant  fraction  of  the  nucleolin  pool  relocalizes 
from  the  nucleolus  to  the  nucleoplasm  in  a  process  stimulated 
by  physical  association  with  p53  (13,  14,  54).  After  heat  shock, 
nucleolin-RPA  complex  formation  is  greatly  stimulated,  and 
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formation  of  this  complex  is  inhibitory  to  DNA  replication  in 
vitro  (13,  54).  In  vivo,  the  mobilized  nucleolin  sequesters  RPA 
at  sites  distinct  from  replication  centers  (13).  The  mobilization 
of  nucleolin  in  response  to  heat  shock  thus  represents  a  novel 
pathway  for  regulating  DNA  replication. 

We  examined  the  interaction  of  nucleolin  and  RPA  in 
response  to  DNA  damage.  We  found  that,  like  heat  shock, 
genotoxic  stress  strongly  induces  nucleolin-RPA  complex  for¬ 
mation.  The  RPA-interacting  domain  was  localized  to  the  63- 
amino-acid  (aa)  glycine-arginine-rich  (GAR)  domain  at  the 
extreme  C  terminus  of  nucleolin.  Expression  of  GAR  or  a 
nucleolin  mutant  with  constitutive  association  with  RPA 
causes  a  block  in  the  cellular  transit  from  Gx  into  S  phase.  The 
nucleolin-mediated  inhibition  of  chromosomal  DNA  replica¬ 
tion  could  be  prevented  by  overexpression  of  RPA2  to  increase 
the  cellular  level  of  RPA.  These  data  demonstrate  a  novel 
intra-S-phase  checkpoint  response  in  response  to  genotoxic 
stress  through  target  of  RPA  by  mobilized  nucleolin. 

MATERIALS  AND  METHODS 

Construction  of  nucleolin  and  RPA2  expression  vectors.  For  in  vitro  studies, 
human  nucleolin  and  mutant  nucleolin  derivatives  were  expressed  in  Saccharo- 
myces  cerevisiae  with  N-terminal  glutathione  ^-transferase  (GST)  tags  and  were 
purified  as  described  below.  The  pKG-derived  yeast  plasmids  that  express  full- 
length  nucleolin  (FL;  aa  1  to  707),  the  N-terminal  half  of  nucleolin  (NT;  aa  1  to 
323),  and  the  C-terminal  half  of  nucleolin  (CT;  aa  323  to  707)  were  kindly 
provided  by  E.  Rubin  (University  of  Medicine  and  Dentistry  of  New  Jersey 
[UMDNJ]).  Other  nucleolin  variants,  including  the  combined  N  terminus  and 
first  RNA-binding  domain  (RBD)  (NT/RBD1;  aa  1  to  390),  the  combined  N 
terminus  and  the  complete  RBD  region  (NT/RBD1-4;  aa  1  to  648),  and  the 
C-terminal  GAR  domain  (GAR;  aa  645  to  707),  were  inserted  into  the  pKG 
vector  by  using  standard  PCR-mediated  cloning  procedures. 

For  in  vivo  studies,  nucleolin  or  nucleolin  derivatives  were  expressed  with 
N-terminal  green  fluorescent  protein  (GFP),  cyan  fluorescent  protein  (CFP),  or 
Myc  epitope  tags.  GFP  and  CFP  fusion  proteins  were  constructed  by  using  PCR 
cloning  into  the  pEGFP-Cl  or  pECFP-Cl  vectors  (Clontech).  Similarly,  Myc- 
tagged  nucleolin  (FL  or  mutants)  was  expressed  from  the  pEF6/Myc-HisA  plas¬ 
mid  (Invitrogen),  as  modified  by  Vassin  et  al.  (52)  to  prevent  expression  of  the 
His  tag  or,  for  proliferation  studies,  from  a  modified  pEGFP-Cl  vector  in  which 
the  GFP  tag  was  replaced  by  the  Myc  tag.  Human  RPA2  containing  an  N- 
terminal  yellow  fluorescent  protein  (YFP)  tag  was  generated  by  excising  the 
RPA2  coding  sequence  from  pENeGFP  RPA34  (kindly  provided  by  M.  C. 
Cardoso)  (50)  into  pEYFP-Cl  vector  (Clontech).  The  construction  of  the  Myc- 
RPA2  expression  vector  was  described  previously  (52).  The  pECFP-Cl-H- 
Ras61L  and  pEYFP-Nl-RasBD  expression  vectors  were  kindly  provided  by 
Trever  Bivona  of  Mark  Philips  laboratory  (New  York  University  [NYU]  School 
of  Medicine).  All  fusion  constructs  were  sequenced  and  shown  to  be  faithful 
copies  of  the  corresponding  genes. 

Purification  of  proteins.  GST-tagged  nucleolin  proteins  were  purified  by  the 
protocol  of  Haluska  et  al.  (25).  After  transformation  of  S.  cerevisiae  JEL1  strain 
with  the  appropriate  plasmid,  cells  were  grown  in  synthetic  defined  (SD)  medium 
under  selection  in  2%  ralfinose,  and  protein  expression  was  induced  by  2% 
galactose.  Extracts  from  these  cultures  were  made  by  disruption  of  the  yeast  cells 
by  using  25-  to  50-|jim  glass  beads  in  uracil  RIPA  buffer  (50  mM  Tris-HCl  [pH 
7.2],  150  mM  NaCl,  0.1%  sodium  dodecyl  sulfate  [SDS],  1%  Triton  X-100,  1% 
sodium  deoxycholate)  with  protease  inhibitors  (1  mM  phenylmethylsulfonyl  flu¬ 
oride,  0.5  |xg  of  leupeptin/ml,  1  |xg  of  pepstatin/ml),  1  mM  EDTA,  and  1  mM 
dithiothreitol  (DTT).  Glutathione-Sepharose  beads  (Pharmacia)  were  then 
added  to  the  clarified  yeast  extract,  followed  by  incubation  to  bind  the  GST- 
nucleolin  proteins.  After  three  washes  with  a  10  X  bead  volume  of  RIPA  buffer, 
the  GST-tagged  proteins  were  eluted  with  10  mM  reduced  glutathione  and  50 
mM  Tris-HCl  (pH  7.5).  After  overnight  dialysis  at  4°C  against  phosphate-buff¬ 
ered  saline  (PBS)  and  20%  glycerol,  eluates  were  assayed  for  purity  by  SDS- 
poly acrylamide  gel  electrophoresis  (PAGE)  and  Coomassie  blue  staining. 

The  human  RPA  heterotrimer  was  produced  in  Escherichia  coli  BL21  trans¬ 
formed  with  the  plldtRPA  vector  and  purified  as  described  previously  (29,  30). 

Far-Western  analysis.  Far-Western  blotting  was  carried  out  basically  as  de¬ 
scribed  by  Jayaraman  et  al.  (32).  Purified  GST-tagged  nucleolin  (FL  and  mu¬ 


tants)  proteins  were  subjected  to  SDS-PAGE  and  then  transferred  to  a  nitro¬ 
cellulose  membrane.  After  two  incubations  in  denaturation  buffer  (6  M 
guanidine-HCl  in  PBS)  for  5  min  at  4°C,  the  membrane  was  incubated  six  times 
in  serial  dilutions  (1:1  [vol/vol])  of  denaturation  buffer,  each  dilution  being  with 
PBS  containing  1  mM  DTT.  The  membrane  was  blocked  with  PBS  containing 
0.1%  Tween  20  (PBS-T)  and  5%  nonfat  dry  milk  (NFDM)  for  45  min  at  room 
temperature  and  washed  twice  with  PBS-T  and  0.25%  NFDM.  The  membrane 
was  then  incubated  with  purified  human  RPA  (0.2  |xg/ml)  in  PBS-T,  0.25% 
NFDM,  1  mM  DTT,  and  2.5  mM  phenylmethylsulfonyl  fluoride  for  2  h  at  room 
temperature  and  subsequently  washed  four  times  in  PBS-T  and  0.25%  NFDM. 
The  presence  of  bound  RPA  was  probed  by  using  a  mouse  anti-RPA2  mono¬ 
clonal  antibody  (SSB34A;  NeoMarkers)  and  horseradish  peroxidase-conjugated 
sheep  anti-mouse  antibody  as  the  primary  and  secondary  antibodies,  respectively, 
and  detected  by  using  enhanced  chemiluminescence  (Amersham  Biosciences). 

In  vitro  DNA  replication  assay.  The  SV40-based  in  vitro  DNA  replication 
assay  was  described  previously  (52)  and  utilized  a  pBluescript  SK+  phagemid 
(Stratagene)  containing  a  90-bp  SV40  origin  region  segment  (positions  5186  to 
32)  subcloned  into  the  BamHI  and  Xhol  sites  (pBS -on).  Reaction  mixtures  (25 
|xl)  contained  the  following:  40  mM  HEPES  (pH  7.5);  40  mM  creatine  phos¬ 
phate;  7  mM  MgCl2;  0.5  mM  DTT;  4  mM  ATP;  200  pM  concentrations  each  of 
CTP,  GTP,  and  UTP;  100  pM  concentrations  each  of  dATP,  dGTP,  and  dTTP; 
40  pM  [a-32P]dCTP  (3,000  cpm/pmol;  Perkin-Elmer  Life  Sciences);  1.25  |xg  of 
creatine  phosphokinase;  150  ng  of  pBS-on';  100  |xg  of  AS65  protein  fraction 
prepared  from  HeLa  cells;  200  ng  of  RPA;  200  to  400  ng  of  the  GST  fusion 
proteins;  and  500  ng  of  SV40  large  T  antigen.  The  reaction  mixtures  were  first 
preincubated  on  ice  for  30  min  without  the  addition  of  plasmid  DNA,  de- 
oxynucleoside  triphosphates,  ATP,  and  creatine  phosphokinase.  After  the  addi¬ 
tion  of  the  remaining  factors,  the  complete  reaction  mixture  was  further  incu¬ 
bated  at  37°C  for  2  h.  The  replication  activity  was  determined  by  precipitating  the 
high-molecular-weight  DNA  with  trichloroacetic  acid  and  quantitating  the 
amount  of  incorporated  radioactivity  in  the  precipitate  by  liquid  scintillation 
counting. 

Immunoprecipitation  and  immunoblotting.  Plated  U2-OS  cells  were  trans¬ 
fected  with  1  |jug  of  specified  expression  plasmids  by  using  Effectene  transfection 
reagent  (Qiagen).  The  transfection  efficiencies  of  each  construct  were  similar 
when  visualized  at  24  h  posttransfection.  When  required,  cells  were  either 
treated  with  1  pM  CPT  or  2.5  mM  hydroxyurea  or  exposed  to  10  Gy  of  ionizing 
radiation  or  30  J  of  UV  light  m-2.  The  immunoprecipitation  reaction  was  carried 
out  by  using  the  IMMUNOcatcher  kit  (CytoSignal)  according  to  the  manufac¬ 
turer’s  instructions.  Immunoprecipitated  proteins  were  separated  by  using  SDS- 
10%  PAGE  and  transferred  to  a  nitrocellulose  membrane  (Schleicher  & 
Schuell).  After  incubation  with  the  appropriate  primary  antibody,  the  membrane 
incubated  with  an  horseradish  peroxidase-conjugated  goat  anti-mouse  or  anti¬ 
rabbit  secondary  antibody,  and  the  presence  of  bound  proteins  was  detected  with 
ECLplus  (Amersham  Pharmacia  Biotech).  The  following  antibodies  were  used 
for  both  detection  and  immunoprecipitation:  RPA2,  mouse  monoclonal  antibody 
SSB34A  (NeoMarkers);  RPA1,  mouse  monoclonal  antibody  Ab-1;  nucleolin, 
either  the  MS3  mouse  monoclonal  or  the  H-250  rabbit  polyclonal  antibody 
(Santa  Cruz  Biotechnology);  GFP,  rabbit  polyclonal  antibody  (Molecular 
Probes);  Myc,  rabbit  polyclonal  antibody  (Upstate  Biotechnology);  p53,  DO-1 
mouse  monoclonal  antibody  (Santa  Cruz  Biotechnology);  (pSerl5)p53,  rabbit 
polyclonal  antibody  (Cell  Signaling  Technology);  and  p21,  mouse  monoclonal 
Cipl/WAFl  antibody  (BD  Biosciences/Pharmingen). 

Immunofluorescence  microscopy.  To  prepare  for  imaging,  U2-OS  cells  grown 
on  fibronectin-coated  coverslips  (BD  Biotechnology)  were  treated  as  described 
previously  (15).  Cells  were  fixed  for  20  min  at  room  temperature  with  4% 
(wt/vol)  formaldehyde  in  PBS,  permeabilized  with  0.5%  Triton  X-100,  rinsed 
with  PBS,  and  then  incubated  with  PBS  containing  0.5%  Nonidet  P-40.  Cover- 
slips  were  incubated  with  1:100  dilution  of  the  appropriate  primary  antibody  for 
1  h  at  room  temperature.  After  three  rinses  with  PBS  containing  0.5%  Tween  20, 
coverslips  were  incubated  for  1  h  at  room  temperature  with  1:100  dilution  of 
Texas  Red-  or  fluorescein  isothiocyanate-conjugated  secondary  antibody  (Jack- 
son  Immunoresearch  Laboratories).  Coverslips  were  then  rinsed  three  times  with 
PBS  containing  0.5%  Tween  20  and  mounted  onto  glass  slides.  Fluorescent 
signals  were  detected  by  using  either  epifluorescence  or  confocal  microscopy. 

FRET.  U2-OS  cells  were  grown  and  cotransfected  with  the  appropriate  YFP- 
and  CFP-tagged  expression  constructs  in  35-mm  uncoated  glass  bottom  cell 
culture  dishes  (MatTek).  Live  cell  images  were  obtained  with  a  Zeiss  LSM510 
Meta  laser  scanning  confocal  microscope  with  a  Plan-Apochromat  X63  objective 
lens  and  a  30-mW  Argon  laser  set  at  50%  of  total  output.  CFP  as  the  donor 
channel  was  excited  with  a  458-nm  laserline,  and  CFP  fluorescence  was  collected 
with  a  band-pass  filter  of  475  to  525  nm.  YFP,  the  acceptor  channel,  was  excited 
at  514  nm,  and  YFP  emission  was  collected  with  a  long-pass  filter  of  530  nm.  The 
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fluorescence  resonance  energy  transfer  (FRET)  channel  consisted  of  CFP  ex¬ 
cited  at  458  nm  and  YFP  fluorescence  collected  with  a  long-pass  filter  of  530  nm. 
Photobleaching  was  performed  with  the  514-nm  laser  line  set  at  100%  power 
with  an  average  bleach  time  of  5  s.  Specific  regions  of  interest  (ROIs)  were 
chosen,  and  positive  FRET  was  determined  graphically  based  on  the  decrease  of 
YFP  signal,  and  the  subsequent  increase  in  the  CFP  fluorescence  postbleaching. 
Although  transfection  of  any  combination  of  YFP-RPA2  and  CFP-nucleolin  (or 
nucleolin  derivative)  did  not  have  notable  deleterious  effects  on  cell  viability, 
only  cells  with  a  normal  appearance  and  relatively  low  expression  levels  were 
tested. 

BrdU  incorporation  assay  and  FACS.  U2-OS  cells  were  plated  at  30%  con- 
fluency  in  60-mm  dishes.  Plates  were  mock  transfected,  transfected  with  1  |xg  of 
the  Myc  tag  (empty)  vector,  or  1  |xg  of  the  appropriate  N-terminal  Myc-tagged 
nucleolin  expression  construct.  At  24  h  posttransfection,  the  cells  were  incubated 
for  20  min  with  10  |xM  bromodeoxyuridine  (BrdU).  Cells  were  then  washed  twice 
with  ice-cold  PBS  and  collected  by  centrifugation  at  180  X  g  for  5  min  at  4°C. 
Pelleted  cells  were  carefully  resuspended  into  300  pi  of  4%  (wt/vol)  formalde¬ 
hyde  in  PBS,  fixed  for  15  min  at  room  temperature,  and  washed  with  PBS  twice. 
Cells  were  then  permeabilized  for  15  min  on  ice  with  PBS  containing  0.2% 
(vol/vol)  Triton  X-100  and  1%  (wt/vol)  bovine  serum  albumin  (BSA),  washed 
once  with  PBS,  and  then  treated  with  PBS  containing  0.25  mg  of  DNase/ml  for 
1  h  at  37°C.  Cells  were  incubated  with  100  pi  of  PBS  containing  rat  anti-BrdU 
(Harlan  Sera-Lab)  and  rabbit  anti-Myc  (Upstate  Biotechnology)  polyclonal  an¬ 
tibodies  and  2%  (wt/vol)  BSA  for  40  min  at  37°C.  Cells  were  washed  twice  with 
PBS  and  incubated  for  40  min  at  room  temperature  with  100  pi  of  PBS  contain¬ 
ing  anti-rabbit  phycoerythrin-conjugated  and  anti-rat  fluorescein  isothiocyanate- 
conjugated  antibodies  (Jackson  Laboratories)  and  2%  BSA.  After  preincubation 
of  cells  with  4  mM  sodium  citrate,  30  U  of  RNase  Ami,  and  0.1%  (vol/vol)  Triton 
X-100  for  10  min  at  37°C,  the  DNA  was  stained  with  7-aminoactinomycin  D 
(Sigma),  and  the  cells  were  subjected  to  fluorescence-activated  cell  sorting 
(FACS)  analysis. 

[3H]  thymidine  uptake  assay.  U2-OS  cells  were  plated  into  24-well  tissue 
culture  plates  in  complete  McCoy’s  media  containing  10%  fetal  bovine  serum 
(FBS).  The  cells  were  transfected  with  plasmids  (100  ng)  expressing  one  of  the 
following  proteins:  Myc-tag,  Myc-nucleolin  TM,  or  Myc-nucleolin  GAR.  As 
indicated,  cells  were  also  cotransfected  with  various  amounts  of  a  Myc-RPA2 
expression  vector.  After  6  to  8  h,  the  medium  was  changed  to  a  low  serum  (0.1% 
FBS)  condition  and  further  incubated  for  18  h.  After  recovery  in  complete 
medium  for  8  to  10  h,  the  cells  were  incubated  with  [3H]thymidine  (1  pCi/well) 
for  10  h.  Cells  were  then  washed  with  ice-cold  PBS  extensively  and  treated  with 
5%  trichloroacetic  acid  for  30  min  on  ice.  After  further  washes  with  ice-cold  PBS, 
cells  were  solubilized  in  0.5  N  NaOH-O.5%  (wt/vol)  SDS  and  harvested,  and  the 
amount  of  incorporated  radiolabel  was  determined  with  a  scintillation  counter. 
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FIG.  1.  Nucleolin-RPA  complex  formation  is  induced  after  geno- 
toxic  stress.  Cell  lysates  were  prepared  from  p53-positive  U2-OS  cells 
(A  to  D)  and  p53-null  HI 299  cells  (E)  at  various  times  after  exposure 
to  various  stress  treatments  as  follows:  1  [xM  CPT  for  1  h  (A),  2.5  mM 
hydroxyurea  (HU)  for  1  h  (B),  10  Gy  of  ionizing  radiation  (IR)  (C  and 
E),  and  UV  irradiation  with  a  single  dose  of  30  J  m~2  (D).  After  each 
time  point,  nucleolin  was  immunoprecipitated  from  the  lysate  with  a 
mouse  monoclonal  antibody  to  nucleolin.  The  precipitate  was  sub¬ 
jected  to  SDS-PAGE  and  immunoblotted  for  RPA  with  either  an 
anti-RPAl  or  anti-RPA2  antibody  (as  indicated).  As  loading  controls, 
aliquots  of  the  lysates  were  subjected  to  immunoblotting  with  anti- 
nucleolin,  anti-RPAl,  or  anti-RPA2  antibodies. 


RESULTS 

Genotoxic  stress  induces  RPA-nucleolin  complex  formation. 

We  previously  showed  that  heat  shock  led  to  a  significant 
increase  in  complex  formation  between  endogenous  nucleolin 
and  RPA  (13).  We  therefore  determined  whether  this  increase 
was  specific  for  heat  shock  or  a  more  general  effect  in  response 
to  stress.  Human  U2-OS  osteosarcoma  cells  were  treated  with 
the  radiomimetic  agent  camptothecin  (CPT)  to  cause  geno¬ 
toxic  stress  (Fig.  1A).  Although  RPA-nucleolin  complex  for¬ 
mation  was  not  found  in  control  cells,  these  complexes  were 
readily  detected  after  CPT  treatment  with  a  transient  increase 
in  the  level  of  complex  formation  noted.  We  estimate  that  ~5 
to  10%  of  the  RPA  pool  is  coimmunoprecipitated  with  nucleo¬ 
lin  at  the  peak  level  of  complex  formation,  although  this  value 
would  be  an  underestimate  if  the  complex  were  transient  or 
unstable  under  immunoprecipitation  conditions.  A  similar  in¬ 
duction  of  nucleolin-RPA  complex  formation  was  observed 
after  treatment  with  hydroxyurea  (to  cause  replicative  stress; 
Fig.  IB)  or  exposure  to  ionizing  radiation  (10  Gy;  Fig.  1C). 
Nucleolin  was  not  seen  to  form  a  complex  with  RPA  after 
exposure  to  UV  radiation  (Fig.  ID)  similar  to  previous  obser¬ 
vations  finding  a  lack  of  induced  nucleolin-p53  complex  and 
nucleolin  relocalization  after  UV  irradiation  (14).  Induction  of 


nucleolin-RPA  complex  formation  was  observed  in  p53-null 
H1299  cells  after  CPT  treatment  (Fig.  IE).  Therefore,  al¬ 
though  nucleolin  relocalization  from  the  nucleolus  to  the  nu¬ 
cleoplasm  is  p53  dependent  (14),  this  dependence  does  not 
extend  to  nucleolin-RPA  complex  formation.  Note  that  previ¬ 
ous  studies  from  our  laboratory  indicated  that  complex  forma¬ 
tion  is  not  mediated  by  the  presence  of  DNA  and  can  also  be 
detected  by  precipitation  of  RPA  rather  than  nucleolin  (13).  In 
general,  enhanced  nucleolin-RPA  complex  formation  is  not 
restricted  to  heat  shock  but  is  also  detected  after  genotoxic 
stress. 

RPA  interacts  with  the  nucleolin  GAR  domain  in  vitro.  To 

better  characterize  the  nucleolin-RPA  complex,  the  region  on 
human  nucleolin  that  interacts  with  RPA  was  identified  by 
far- Western  analysis.  Full-length  nucleolin  or  nucleolin  trun¬ 
cation  mutants  were  expressed  as  GST-tagged  fusion  proteins 
in  yeast  and  purified.  The  proteins  tested  were  full-length 
nucleolin  (termed  nucleolin  FL;  aa  1  to  707),  the  nucleolin  N 
terminus  (NT;  aa  1  to  323),  the  C  terminus  (CT;  aa  323  to  707), 
the  N  terminus  and  the  first  RBD  (NT/RBD1;  aa  1  to  390),  the 
N  terminus  and  the  RBD  region  (NT/RBD1-4;  aa  1  to  648), 
and  the  extreme  C- terminal  GAR  domain  (GAR;  aa  645  to 
707)  (Fig.  2A).  Note  that  the  NT/RBD1-4  construct  lacks  only 
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FIG.  2.  The  nucleolin  RPA-binding  domain  inhibits  SV40  DNA  replication  in  vitro.  (A)  Schematic  showing  GST-tagged  nucleolin  and 
nucleolin  mutant  proteins  as  follows:  full  length  (FL),  amino  terminus  (NT),  carboxy  terminus  (CT),  amino  terminus  including  the  first  RBD 
(NT/RBD1),  the  GAR  deletion  mutant  (NT/RBD1-4),  and  only  the  C-terminal  GAR  domain  (GAR).  For  each  construct,  the  N-terminal  acidic 
domain  is  indicated  in  dark  gray;  each  of  the  four  RBDs  have  light  gray  shading  and  are  numbered,  and  the  GAR  domain  is  shown  in  black. 
(B)  Far-Western  analysis  of  the  nucleolin-RPA  interaction.  Equivalent  amounts  (500  ng)  of  nucleolin  FL  (lane  2),  NT  (lane  3),  CT  (lane  4), 
NT/RBD1  (lane  5),  NT/RBD1-4  (lane  6),  and  GAR  (lane  7),  with  each  containing  an  N-terminal  GST  tag,  were  separated  by  SDS-PAGE.  GST 
alone  was  also  electrophoresed  as  a  control  (lane  1).  After  transfer  to  a  nitrocellulose  membrane,  the  membrane  was  probed  with  purified  RPA 
(0.2  |xg/ml)  (upper  panel,  lanes  1  to  7).  The  binding  of  RPA  was  visualized  by  using  an  RPA2  antibody.  To  visualize  GST-tagged  proteins,  the 
membrane  was  stripped  and  subjected  to  immunoblot  analysis  with  a  rabbit  anti-GST  antibody  (lower  panel,  lanes  1  to  7).  (C)  An  SV40 
on-containing  plasmid  (180  ng)  was  incubated  with  AS65  extract  (100  jjLg),  T  antigen  (750  ng),  RPA  (200  ng),  and  purified  GST-tagged  nucleolin 
proteins  (as  indicated)  for  2  h  at  37°C  (52).  Both  FL  (□)  and  GAR  (X)  GST-tagged  nucleolin  proteins  are  proficient  in  inhibiting  SV40  DNA 
replication  in  vitro,  whereas  the  NT/RBD1-4  (A)  GST-tagged  nucleolin  protein  and  GST  alone  (A)  are  not.  Replication  activity  was  determined 
by  precipitating  the  reaction  mixtures  with  trichloroacetic  acid  and  determining  the  amount  of  32P  in  the  precipitate  by  scintillation  counting.  The 
data  was  plotted  as  the  relative  DNA  replication  inhibition  compared  to  that  determined  by  using  100  ng  of  GST-FL.  The  maximum  degree  of 
inhibition  was  to  68%  that  of  control  levels. 


the  GAR  region.  After  SDS-PAGE  and  transfer  to  a  nitrocel¬ 
lulose  membrane,  the  immobilized  proteins  were  renatured 
and  incubated  with  purified  RPA  to  allow  for  complex  forma¬ 
tion.  The  interaction  between  the  fusion  proteins  and  RPA  was 
resolved  by  Western  blotting  with  an  RPA2  antibody  (Fig.  2B, 
upper  panel). 

Nucleolin  FL  formed  a  complex  with  RPA  (Fig.  2B,  upper 
panel,  lane  2),  whereas  GST  alone  did  not  (lane  1).  Although 
no  interaction  with  nucleolin  NT  was  detected  (lane  3),  RPA 
bound  to  the  C-terminal  half  of  the  protein  (lane  4).  Longer 
constructs  of  nucleolin  NT  that  also  contained  the  first  RBD 
(NT/RBD1;  lane  5)  or  the  complete  RBD  domain  (NT/ 
RBD  1-4;  lane  6)  were  unable  to  rescue  nucleolin-RPA  com¬ 
plex  formation.  In  contrast,  RPA  effectively  bound  the  63-aa 
GAR  peptide  lacking  all  other  nucleolin  domains.  Stripping 
the  blot  and  reprobing  the  membrane  with  anti-GST  antibod¬ 
ies  indicated  that  similar  amounts  of  each  GST  fusion  protein 
were  loaded  on  the  membrane  (Fig.  2B,  lower  panel).  These 


data  demonstrate  that  the  nucleolin  GAR  domain  is  necessary 
and  sufficient  for  RPA  binding  in  vitro.  A  fraction  of  each  GST 
construct  was  invariably  present  in  a  degraded  form  but  only 
the  largest  FL,  CT,  or  GAR  species  was  observed  to  bind  RPA. 
The  GST  constructs  are  degraded  from  the  C-terminal  end 
because  N-terminal  deletions  would  prevent  reactivity  to  the 
anti-GST  antibody  (i.e.,  the  GST  is  located  on  the  N  terminus 
of  each  construct).  We  therefore  suggest  that  the  extreme  C 
terminus  of  the  GAR  domain  is  required  for  significant  RPA 
binding. 

Effect  of  the  GAR  domain  on  SV40  DNA  replication  in  vitro. 

We  previously  showed  that  SV40  DNA  replication  in  vitro  was 
inhibited  by  the  addition  of  nucleolin,  purified  from  human 
cells,  which  interfered  with  RPA  action  (13).  Because  our  data 
indicate  that  the  nucleolin  GAR  domain  interacts  with  RPA, 
we  similarly  tested  the  effect  of  this  peptide  on  SV40  DNA 
replication.  GST-tagged  nucleolin  or  nucleolin  derivatives 
were  purified,  and  titrated  into  a  T-antigen-dependent  SV40 
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FIG.  3.  Complex  formation  between  the  nucleolin  GAR  domain  and  RPA  in  vivo.  (A  to  H)  U2-OS  cells  were  transfected  with  GFP  alone  (A 
and  E)  or  the  GFP-tagged  nucleolin  derivatives  FL  (B  and  F),  NT/RBD1-4  (C  and  G),  or  GAR  (D  and  H).  At  24  h  posttransfection,  cells  were 
fixed  by  treatment  with  4%  (wt/vol)  formaldehyde  for  30  min  at  room  temperature  and  then  imaged  by  epifluorescence  microscopy.  The  staining 
patterns  of  the  various  GFP  constructs  are  shown  (A  to  D),  as  are  images  of  the  same  cells  stained  with  DAPI  (4',6'-diamidino-2-phenylindole) 
(E  to  H).  (I)  Immunoprecipitation  of  endogenous  RPA  protein  in  U2-OS  cells  expressing  GFP-tagged  nucleolin  FL  (lane  6),  NT/RBD1-4  (lane 
7),  or  GAR  (lane  8)  or  GFP  alone  (lane  5).  The  coprecipitation  of  the  expressed  GFP-tagged  proteins  with  RPA  is  shown  in  the  GFP  blot.  The 
arrow  points  to  the  coprecipitation  of  GFP-tagged  GAR  (lane  8).  Corresponding  lysates  were  assayed  for  similar  levels  of  protein  expression  by 
blotting  for  GFP  (lanes  1  to  4),  whereas  equivalent  immunoprecipitation  of  RPA  was  verified  by  blotting  for  RPA2  (right  side,  lower  panel). 
(J)  Reverse  immunoprecipitation  experiment  showing  the  coprecipitation  of  endogenous  RPA  in  U2-OS  cells  expressing  Myc-tagged  nucleolin  FL 
(lane  4),  NT/RBD1-4  (lane  5),  and  GAR  (lane  6).  Myc-tagged  nucleolin  proteins  were  immunoprecipitated,  and  coprecipitation  of  RPA  was 
determined  by  blotting  for  RPA2  (upper  panel).  The  immunoprecipitated  Myc-tagged  proteins  are  also  shown  (lower  panel).  The  asterisk  indicates 
that  the  Myc-tagged  GAR  could  not  be  detected  because  of  its  small  size  (5  kDa),  preventing  binding  to  nitrocellulose  membrane  during  the 
transfer  step.  However,  similar  levels  of  myc  staining  were  observed  for  the  three  constructs  when  transfected  cells  were  examined  by  immuno¬ 
fluorescence  microscopy  (data  not  shown).  The  lysates  were  also  blotted  for  RPA2  as  a  control  (lanes  1  to  3). 


DNA  replication  reaction  (Fig.  2C).  In  reactions  containing 
nucleolin  FL  or  GAR,  DNA  synthesis  was  significantly  inhib¬ 
ited  as  a  function  of  the  amount  of  nucleolin  protein  added.  In 
contrast,  no  obvious  inhibition  was  seen  by  addition  of  nucleo¬ 
lin  NT/RBD1-4  or  GST.  Thus,  nucleolin  molecules  that  are 
capable  of  binding  RPA  also  inhibit  DNA  replication  in  vitro. 

Stress-dependent  formation  of  the  nucleolin  FL-RPA  com¬ 
plex.  We  examined  the  interaction  of  nucleolin  and  the  nucleo¬ 
lin  mutants  with  RPA  in  vivo.  Because  the  cellular  localization 
of  nucleolin  may  be  a  determinant  affecting  its  interaction  with 
RPA  (13),  we  first  examined  the  localization  of  the  different 
nucleolin  derivatives.  GFP-tagged  nucleolin  FL,  NT/RBD1-4, 
and  GAR  were  expressed  in  U2-OS  cells,  and  the  localization 
of  the  fusion  proteins  captured  by  indirect  immunofluores¬ 
cence  microscopy.  Nucleolin  FL  localized  exclusively  to  nucle¬ 
olar  regions  (Fig.  3B),  as  determined  by  colocalization  with 
endogenous  nucleolin  and  upstream  binding  factor  (necessary 
for  RNA  polymerase  I-mediated  transcription  of  rRNA  [27]) 
(data  not  shown).  The  NT/RBD1-4  and  GAR  proteins  had 
primary  localization  in  the  nucleolus  (Fig.  3C  and  D,  respec¬ 
tively),  although  the  level  of  nucleolar  staining  was  higher  for 
the  NT/RBD1-4  mutant.  A  significant  fraction  of  each  mutant 
protein  pool  was  located  in  the  nucleoplasm,  and  both  mutants 


showed  a  weak  but  clear  cytoplasmic  signal.  As  expected,  GFP 
alone  was  localized  throughout  the  cell  (Fig.  3A).  These  data 
are  consistent  with  previous  findings  that  the  nucleolin  RBD 
and  GAR  domains  each  contribute  to  nucleolar  localization 
(12,  28,  40,  47). 

The  ability  of  various  GFP-tagged  nucleolin  proteins  to  as¬ 
sociate  with  endogenous  RPA  in  vivo  was  tested  by  coimmu- 
noprecipitation  assays.  RPA  coprecipitated  with  the  GAR  do¬ 
main  but  did  not  associate  with  the  NT/RBD1-4  mutant  (Fig. 
31,  lanes  8  and  7,  respectively).  Nucleolin  FL  did  not  signifi¬ 
cantly  complex  with  RPA  under  these  nonstress  conditions 
(lane  6)  although,  because  of  the  higher  background  in  the 
upper  regions  of  the  blot,  we  cannot  rule  out  a  low  level  of 
complex  formation.  To  rule  out  the  possibility  that  the  large 
GFP  moiety  may  sterically  block  nucleolin  complex  formation 
with  RPA,  reverse  immunoprecipitation  experiments  were  re¬ 
peated  with  nucleolin  tagged  with  a  smaller  Myc  tag  (Fig.  3J). 
Test  of  the  Myc-tagged  nucleolin  proteins  showed  that  only 
nucleolin  GAR  formed  detectable  complexes  with  endogenous 
RPA  (lane  6),  whereas  nucleolin  FL  (lane  4)  and  NT/RBD1-4 
(lane  5)  did  not.  Note  that  detection  of  Myc-GAR  in  cell 
lysates  by  Western  blotting  was  problematic  because  of  poor 
association  of  this  5-kDa  species  with  the  nitrocellulose  mem- 
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FIG.  4.  Complex  formation  between  nucleolin  FL  and  endogenous 
RPA  stimulated  by  genotoxic  stress.  (A  and  B)  The  cellular  localiza¬ 
tion  of  GFP-tagged  nucleolin  FL  expressed  in  U2-OS  cells  is  shown  in 
the  absence  of  CPT  treatment  (A)  and  after  treatment  with  1  |jlM  CPT 
for  1  h  and  a  1-h  recovery  period  (B).  (C)  Immunoprecipitation  of 
endogenous  RPA  protein  with  RPA2  antibody  in  U2-OS  cells  express¬ 
ing  GFP-tagged  nucleolin  FL  (top  set),  nucleolin  NT  (second  set),  or 
nucleolin  CT  (third  set).  Coprecipitation  of  the  nucleolin  proteins  was 
examined  in  the  absence  of  CPT  treatment  (— )  and  2  h  after  treatment 
with  1  [xM  CPT  for  1  h  (+)  (upper  panels).  The  same  blot  was 
reprobed  with  RPA2  antibody  as  a  control  for  RPA  immunoprecipi¬ 
tation  (middle  panels).  Lysates  were  assayed  for  equivalent  expression 
of  GFP  fusion  proteins  by  probing  with  an  anti-GFP  antibody  (lower 
panels). 


brane.  However,  the  levels  of  Myc-tagged  nucleolin  FL,  NT/ 
RBD1-4,  and  GAR  were  comparable  when  examined  in  par¬ 
allel  experiments  by  immunofluorescence  microscopy,  and 
their  cellular  localizations  were  similar  to  those  observed  for 
the  analogous  GFP  fusion  proteins  (data  not  shown).  In  sum, 
these  data  indicate  that  the  nucleolin  GAR  domain  is  sufficient 
to  support  complex  formation  with  RPA  in  vivo.  Concerning 
the  lack  of  association  between  nucleolin  FL  and  RPA  in  vivo, 
although  in  apparent  contradiction  with  the  results  of  the  Far 
Western  analysis  in  vitro  (above),  these  results  are  consistent 
with  those  showing  a  lack  of  complex  formation  between  en¬ 
dogenous  nucleolin  and  RPA  in  nonstressed  cells  (see  Fig.  1, 
zero  time  points). 

We  next  examined  the  effect  of  CPT  treatment  on  GFP- 
tagged  nucleolin  FL  localization  and  on  the  interaction  of  RPA 
with  nucleolin  FL  and  the  nucleolin  derivatives.  Although 
nucleolin  FL  localized  to  the  nucleolus  in  the  absence  of  stress 
(Fig.  4A  [see  also  Fig.  3B  above]),  incubation  with  CPT  caused 
a  significant  fraction  of  the  nucleolin  FL  pool  to  move  to  the 
nucleoplasm  (Fig.  4B),  similar  to  the  behavior  of  endogenous 
nucleolin  (13).  In  testing  the  interactions,  RPA  was  observed 
to  associate  with  nucleolin  FL  but  only  after  CPT  treatment 
(Fig.  4C,  upper  panel).  In  contrast,  the  NT  construct  lacking 
the  GAR  domain  did  not  form  a  detectable  complex  with  RPA 
irrespective  of  stress  (Fig.  4C,  middle  panel).  The  CT  construct 
that  contains  the  GAR  domain  coprecipitated  with  RPA  both 


in  the  presence  of  CPT  and  in  its  absence,  thus  revealing  a 
constitutive  interaction  (Fig.  4C,  lower  panel).  The  localiza¬ 
tions  of  these  truncated  proteins  were  not  affected  by  prior 
CPT  treatment  (data  not  shown).  These  data  indicate  that 
although  the  presence  of  the  GAR  is  necessary  to  support 
detectable  complex  formation  with  RPA  in  vivo,  detectable 
interaction  of  RPA  with  the  full-length  nucleolin  also  requires 
stress  conditions  such  as  caused  by  CPT  treatment. 

Nucleolin  TM  is  able  to  mimic  endogenous  nucleolin  under 
conditions  of  stress.  To  examine  the  question  of  whether 
nucleolin  localization  regulates  nucleolin-RPA  complex  for¬ 
mation  in  vivo,  we  generated  a  nucleolin  mutant  with  altered 
cellular  localization.  Preliminary  studies  by  our  laboratory  in¬ 
dicate  that  the  nucleolin  phosphorylation  pattern  at  CK2  sites 
changes  in  response  to  stress  (K.  Kim,  M.  Daras,  and  J.  A. 
Borowiec,  unpublished  data).  The  three  putative  CK2  sites  at 
positions  S33,  SI 87,  and  S209  were  therefore  converted  to 
nonphosphorylatable  alanines  to  generate  nucleolin  TM  (for 
triple  mutant.  The  localization  of  GFP-tagged  nucleolin  TM 
was  examined  in  untreated  U2-OS  cells  or  in  cells  treated  with 
CPT.  Interestingly,  nucleolin  TM  was  found  to  have  significant 
localization  in  the  nucleoplasm  in  the  absence  of  DNA  damage 
(Fig.  5C)  and  resembled  the  localization  of  nucleolin  FL  in 
cells  treated  with  CPT  (Fig.  5B).  After  exposure  of  the  cells  to 
CPT,  nucleolin  TM  was  seen  to  have  an  even  greater  fraction 
of  signal  arising  from  the  nucleoplasm  (Fig.  5D).  In  testing 
interactions,  the  coprecipitation  of  nucleolin  TM  with  RPA 
was  found  to  be  constitutive  and  independent  of  prior  CPT 
treatment  (Fig.  5E,  lanes  3  and  4),  in  contrast  to  nucleolin  FL 
(lanes  1  and  2).  Therefore,  a  nucleolin  mutant  with  a  signifi¬ 
cant  degree  of  nucleoplasmic  localization  in  nonstressed  cells 
also  has  a  constitutive  interaction  with  RPA. 

Nucleolin-RPA  complex  formation  examined  by  FRET.  To 
examine  whether  a  nucleoplasmic  localization  of  nucleolin  as¬ 
sists  complex  formation  with  RPA,  we  used  FRET  to  deter¬ 
mine  the  cellular  site(s)  of  interaction.  The  middle  subunit  of 
heterotrimeric  RPA  (RPA2)  was  expressed  as  a  YFP  fusion, 
whereas  nucleolin  and  the  nucleolin  derivatives  were  coupled 
to  CFP.  Previous  studies  testing  GFP-RPA2  indicate  that  it 
behaves  similarly  to  the  endogenous  RPA2  subunit,  including 
the  association  with  replication  centers  (50,  52).  In  cells  trans¬ 
fected  with  both  YFP-RPA2  and  CFP-nucleolin  FL,  CPT 
treatment  caused  nucleolin  relocalization  (Fig.  6D)  as  seen 
above  while  having  little  notable  affect  on  YFP-RPA2  (com¬ 
pare  Fig.  6B  and  E).  Although  no  significant  FRET  signal  was 
detected  in  the  absence  of  CPT  treatment  (Fig.  6C),  a  robust 
FRET  signal  was  seen  when  these  same  doubly  transfected 
cells  were  analyzed  after  CPT  treatment  (Fig.  6F).  Because 
FRET  is  subject  to  artif actual  detection  due  to  CFP  signal 
bleedthrough  into  the  YFP  channel,  we  performed  acceptor 
photobleaching  in  which  bleach  of  the  YFP  fluorescence  stim¬ 
ulates  the  emission  from  CFP  (Fig.  6G)  (33).  Cells  that  were 
either  mock  treated  or  treated  with  CPT  were  analyzed  by 
using  ROIs  located  in  either  the  nucleolus  or  the  nucleoplasm, 
and  the  average  CFP  signals  from  these  experiments  is  shown. 
Consistent  with  the  FRET  images,  no  significant  photobleach- 
dependent  stimulation  of  the  CFP  signal  was  observed  either 
in  the  nucleolus  or  the  nucleoplasm  without  CPT.  When  cells 
were  treated  with  CPT,  a  robust  increase  in  the  CFP  signal  was 
detected  in  the  nucleoplasm  and  the  nucleolus  after  photo- 
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FIG.  5.  The  nucleolin  TM  mutant  constitutively  interacts  with  en¬ 
dogenous  RPA.  The  subcellular  localization  of  nucleolin  FL  (A  and  B) 
and  nucleolin  TM  (C  and  D)  in  U2-OS  cells  was  determined.  At  24  h 
posttransfection,  cells  were  either  mock  treated  (A  and  C)  or  exam¬ 
ined  2  h  after  treatment  with  1  jxM  CPT  for  1  h  (B  and  D).  Cells  were 
prepared  for  epifluorescence  microscopy  as  described  in  Materials  and 
Methods.  (E)  The  coprecipitation  of  Myc-tagged  nucleolin  FL  and  TM 
with  endogenous  RPA  in  U2-OS  cells  was  examined  24  h  posttrans¬ 
fection  either  with  or  without  prior  CPT  treatment  (as  described 
above).  Endogenous  RPA  was  precipitated  with  anti-RPA2  antibody, 
and  the  coprecipitation  of  Myc-tagged  nucleolin  FL  or  TM  was  visu¬ 
alized  by  Western  blotting  with  an  anti-Myc  antibody  (9E10). 


bleaching.  These  FRET  signals  were  quantitated  and  normal¬ 
ized  against  that  found  by  nucleolin  FL  and  RPA  in  the  nu¬ 
cleoplasm  after  CPT  treatment  (Table  1). 

We  next  performed  similar  FRET  analyses  with  the  nucleo¬ 
lin  GAR  and  NT/RBD1-4  domains.  Both  nonstressed  cells  and 
cells  treated  with  CPT  were  examined.  The  average  normal¬ 
ized  change  in  the  CFP  signal  after  YFP  photobleaching  is 
provided  (Table  1).  From  these  data,  we  found  that  the  GAR 
domain  of  nucleolin  interacts  with  RPA  irrespective  of  the 
presence  of  CPT  and  equally  well  in  the  nucleolus  and  the 
nucleoplasm.  Similarly,  the  nucleolin  TM  mutant  showed  a 
very  strong  FRET  signal  in  both  the  nucleolus  and  the  nucle¬ 
oplasm  in  a  CPT-independent  fashion.  In  contrast,  the  NT- 
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FIG.  6.  Nucleolin  FL-RPA  complex  formation  occurs  both  in  the 
nucleolus  and  in  the  nucleoplasm  after  stress.  (A  to  F)  U2-OS  cells 
were  transfected  with  CFP-nucleolin  and  YFP-RPA2  and  either  mock 
treated  or  treated  with  1  |xM  CPT  for  1.5  h  prior  to  imaging.  Cells  were 
then  imaged  to  capture  the  CFP-nucleolin  signal  (A  and  D),  the 
YFP-RPA2  signal  (B  and  E),  or  the  FRET  signal  obtained  by  transfer 
of  the  CFP  emission  energy  to  YFP  (C  and  F).  The  FRET  images  are 
shown  with  a  pseudo  three-dimensional  display  with  the  intensity  of 
staining  given  on  the  z  axis.  (G)  Acceptor  photobleaching  analysis  of 
nucleolin-RPA  complex  formation.  The  CFP  signal  from  various  (ca. 
10  to  15)  ROIs  was  determined  at  6-s  intervals.  After  the  fifth  scan,  the 
YFP  fluor  was  photoble ached  at  514  nm  with  an  average  bleach  time 
of  5  s.  An  increase  in  the  CFP  after  photobleaching  of  the  YFP  signal 
is  indicative  of  bona  fide  FRET  (33). 


RBD  construct  was  not  found  to  interact  with  RPA  in  either 
the  nucleolus  or  the  nucleoplasm  and  without  apparent  effect 
from  the  CPT.  We  note  that  these  latter  data  are  subject  to  the 
standard  concerns  of  false-negative  FRET  results  due  to  po¬ 
tential  improper  orientation  of  the  two  fluorescent  tags.  As  a 
positive  control,  we  show  a  significant  FRET  signal  from  the 
H-Ras  61L  with  the  Ras-binding  domain  of  Rafl  in  the  cyto¬ 
plasm  (4).  As  expected,  no  FRET  signal  arises  from  cells  ex¬ 
pressing  the  H-Ras  61L  and  RPA2  or  in  cells  expressing  CFP- 
nucleolin  alone.  We  also  show  that  heat  shock  induces  a 
stronger  FRET  signal  compared  to  CPT  treatment,  which  par¬ 
allels  our  previous  immunoprecipitation  findings  that  heat 
shock  also  greatly  stimulated  the  nucleolin-RPA  complex  for¬ 
mation  (13).  It  is  interesting  that  heat  shock  also  has  a  much 
greater  effect  on  chromosomal  DNA  replication  (an  approxi¬ 
mately  70  to  85%  reduction  [see,  for  example,  references  13 
and  55)  compared  to  genotoxic  stress  (an  approximately  50% 
reduction  [see,  for  example,  reference  42]).  In  sum,  along  with 
confirming  that  the  nucleolin  FL-RPA  interaction  is  stress 
dependent,  these  data  also  indicate  that  nucleolin-RPA  com¬ 
plex  formation  is  stimulated  in  both  the  nucleolus  and  the 
nucleoplasm  after  genotoxic  stress. 
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TABLE  1.  Effect  of  stress  and  cellular  localization  on  FRET  intensity 


Constructs  transfected" 

Location 

Stress  status 

Relative  increase  in  CFP 
signal  after  addition  of 
YFP  bleach  (%) 

Nucleolin  FL/RPA2 

Nucleoplasm 

None 

<15 

Nucleolin  FL/RPA2 

Nucleolus 

None 

<15 

Nucleolin  FL/RPA2 

Nucleoplasm 

CPT 

100 

Nucleolin  FL/RPA2 

Nucleolus 

CPT 

68 

Nucleolin  FL/RPA2 

Nucleoplasm 

HS 

164 

Nucleolin  FL/RPA2 

Nucleolus 

HS 

<15 

Nucleolin  GAR/RPA2 

Nucleoplasm 

None 

128 

Nucleolin  GAR/RPA2 

Nucleolus 

None 

101 

Nucleolin  GAR/RPA2 

Nucleoplasm 

CPT 

91 

Nucleolin  GAR/RPA2 

Nucleolus 

CPT 

89 

Nucleolin  TM/RPA2 

Nucleoplasm 

None 

134 

Nucleolin  TM/RPA2 

Nucleolus 

None 

170 

Nucleolin  TM/RPA2 

Nucleoplasm 

CPT 

163 

Nucleolin  TM/RPA2 

Nucleolus 

CPT 

150 

Nucleolin  RBD/RPA2 

Nucleoplasm  or  nucleolus 

None 

<15 

Nucleolin  RBD/RPA2 

Nucleoplasm  or  nucleolus 

CPT 

<15 

Nucleolin  FL  only 

Nucleoplasm  or  nucleolus 

CPT 

<15 

H-Ras61L/RPA2 

Nucleoplasm  or  nucleolus 

None 

<15 

H-Ras61L/Ras-binding  domain 

Cytoplasm 

None 

42 

a  Acceptor  photobleaching  analyses  were  carried  out  on  U2-OS  cells  transfected  with  various  expression  constructs.  As  indicated,  cells  were  either  mock  treated, 
stressed  with  1  pM  CPT  for  1.5  h,  or  subjected  to  a  44°C  heat  shock  (HS)  for  15  min  prior  to  analysis.  The  YFP  in  each  examined  ROI  was  subjected  to  photobleaching, 
and  the  change  in  intensity  of  the  CFP  signal  was  quantitated.  After  the  averaging  of  data  from  >10  ROI  for  each  condition,  these  data  were  normalized  against  the 
increase  in  CFP  signal  detected  for  CFP-nucleolin  FL  and  YFP-RPA2  in  the  nucleoplasm  after  CPT  treatment.  All  nucleolin  derivatives  and  H-Ras61L  were  expressed 
with  N-terminal  CFP  tags;  RPA2  contained  an  N-terminal  YFP  tag,  whereas  the  Ras-binding  domain  was  tagged  with  YFP  on  C  terminus. 


Cell  cycle  arrest  upon  overexpression  with  either  nucleolin 

GAR  or  TM.  We  found  previously  that  heat  shock  mobilizes 
nucleolin  to  move  to  the  nucleoplasm,  whereupon  it  binds 
RPA  at  sites  distinct  from  the  DNA  replication  centers  (13). 
These  data  predict  that  expression  of  nucleolin  derivatives  that 
bind  RPA  in  nonstressed  cells  will  cause  a  Gx/S  arrest.  The 
effect  of  nucleolin  TM  and  GAR  expression  on  cell  cycle  pro¬ 
gression  were  therefore  investigated  by  FACS.  Both  the  non- 
transfected  control  and  the  vector  control  showed  a  similar 
distribution,  indicating  that  transfection  alone  did  not  inhibit 
cell  cycle  transit  (Fig.  7A).  Expression  of  nucleolin  FL  led  to 
only  a  slight  increase  in  Gx -phase  cells.  However,  much  more 
significant  effects  were  observed  in  cells  transfected  with 
nucleolin  TM  or  GAR.  The  expression  of  nucleolin  GAR 
resulted  in  an  increase  in  the  Gx  population  to  52%  of  cells 
compared  to  36%  of  vector-transfected  cells.  We  also  detected 
a  decrease  in  S-phase  cells  from  39%  in  vector-transfected  cells 
to  23%  in  GAR- transfected  cells.  Expression  of  nucleolin  TM 
had  a  similar  influence  on  cell  cycle  progression  with  Gr  and 
S-phase  cells  contributing  53  and  25%,  respectively,  of  the  total 
cell  pool.  In  each  case,  the  fraction  of  G2  cells  remained  con¬ 
stant.  Thus,  the  expression  of  nucleolin  GAR  or  TM  was  suf¬ 
ficient  to  elicit  an  arrest  in  the  cell  cycle,  leading  to  the  accu¬ 
mulation  of  cells  in  G1  and  a  decrease  in  cells  in  S  phase.  We 
note  that  the  overall  degree  of  replication  inhibition  in  the 
GAR-  or  TM-transfected  cells  (a  >40%  decrease)  is  similar  to 
that  observed  after  ionizing  irradiation  (42). 

DNA  replication  inhibition  overcome  by  overexpression  of 
RPA2.  If  the  inhibition  of  DNA  replication  by  nucleolin  GAR 
or  TM  were  truly  mediated  through  RPA,  then  overexpression 
of  heterotrimeric  RPA  might  overcome  this  inhibition  of  DNA 
synthesis.  A  method  of  increasing  RPA  levels  arose  from  our 
finding  that  changes  in  RPA2  levels  have  coordinate  effects  on 


the  level  of  the  RPA1  subunit.  That  is,  a  decrease  in  RPA2 
levels  due  to  the  use  of  RNAi  leads  to  a  corresponding  de¬ 
crease  in  RPA1  levels  (D.  Curanovic  and  J.  A.  Borowiec, 
unpublished  results),  a  finding  also  recently  reported  by  others 
(16).  Similarly,  overexpression  of  Myc-RPA2  caused  a  parallel 
increase  in  the  level  of  RPA1  protein,  when  examined  either  by 
Western  blotting  (Fig.  7B)  or  immunofluorescence  microscopy 
(data  not  shown).  Since  stable  association  of  the  RPA1  and 
RPA2  subunits  requires  the  smallest  RPA3  subunit  (which 
available  antibodies  only  poorly  detect),  these  data  indicate 
that  changes  in  the  level  of  RPA2  regulate  the  level  of  RPA  in 
cells.  Overexpression  of  RPA2  thereby  provides  a  method  to 
more  directly  examine  the  nucleolin-RPA  interplay  in  inhibit¬ 
ing  chromosomal  DNA  replication. 

To  test  this  method,  U2-OS  cells  were  transfected  with  ei¬ 
ther  nucleolin  GAR  or  TM,  and  the  level  of  DNA  replication 
was  measured  by  determining  thymidine  incorporation  (Fig. 
7C).  Corroborating  the  results  of  the  FACS  analysis,  expres¬ 
sion  of  either  nucleolin  construct  inhibited  DNA  synthesis  by 
ca.  50%.  In  parallel  reactions,  these  cells  were  cotransfected 
with  increasing  levels  of  RPA2.  We  observed  that  the  degree  of 
replication  inhibition  caused  either  by  nucleolin  GAR  or  TM 
expression  was  progressively  reduced  by  transfection  of  the 
Myc-RPA2  expression  vector.  The  stimulatory  effect  of  RPA2 
overexpression  was  somewhat  more  pronounced  in  nucleolin 
TM-transfected  cells  compared  to  GAR-transfected  cells,  for 
unknown  reasons.  Transfecting  higher  levels  of  RPA2  vector 
(i.e.,  100  ng)  caused  some  toxic  effects  on  cell  viability  (data 
not  shown).  These  data  strongly  indicate  that  nucleolin  can 
inhibit  DNA  synthesis  by  direct  interaction  with  RPA. 

Nucleolin  GAR  expression  does  not  activate  p53.  It  is  pos¬ 
sible  that  the  expression  of  the  GAR  domain  causes  a  cellular 
stress  response  and  therefore  only  inhibits  cell  cycle  progres- 
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FIG.  7.  RPA  overexpression  rescues  the  inhibition  of  DNA  replication  caused  by  nucleolin  GAR  or  TM.  (A)  Cell  cycle  distribution  of  U2-OS 
cells  transfected  with  nucleolin  and  nucleolin  mutants.  FACS  analysis  was  performed  24  h  after  transfection  with  N-terminal  Myc-tagged  nucleolin 
constructs.  The  DNA  content  was  quantitated  by  using  the  DNA  intercalating  agent  7-aminoactinomycin  D,  and  cells  in  S  phase  were  identified 
by  determining  BrdU  incorporation.  (B)  Overexpression  of  myc-tagged  RPA2  leads  to  a  corresponding  increase  in  the  level  of  RPA1.  Lysates  from 
U2-OS  cells  transfected  with  various  amounts  of  myc-tagged  RPA2  (10,  50,  and  100  ng)  were  analyzed  by  Western  blotting  for  the  level  of  RPA1 
(first  panel).  Myc-tagged  RPA2  expression  (second  panel)  and  (3-actin  (third  panel)  are  shown  as  transfection  and  loading  controls,  respectively. 
(C)  [3H]thymidine  incorporation  assay  shows  that  expression  of  Myc-tagged  RPA2  (leading  to  higher  levels  of  RPA)  can  rescue  the  reduction  in 
DNA  synthesis  caused  by  expression  of  nucleolin  TM  or  nucleolin  GAR.  Each  set  of  U2-OS  cells  (mock  transfected,  nucleolin  TM  transfected, 
and  nucleolin  GAR  transfected)  were  cotransfected  with  0,  10,  or  50  ng  of  Myc-tagged  RPA2.  The  data  are  plotted  showing  the  relative  amounts 
of  [3H]thymidine  incorporation  compared  to  the  mock-treated  cells  at  each  level  of  Myc-RPA2  transfected.  Expression  of  Myc-RPA2  alone  slightly 
inhibited  cellular  DNA  synthesis  with  transfection  of  10  ng  of  the  expression  construct  causing  a  16%  reduction  in  [3H]thymidine  incorporation. 
This  resulted  from  inhibitory  effects  of  pEF6/Myc  vector  transfection  rather  than  expression  of  Myc-RPA2  per  se  (data  not  shown).  (D)  The 
nucleolin-mediated  checkpoint  response  does  not  involve  p53  activation.  Lysates  from  U2-OS  cells  expressing  GFP-tagged  nucleolin  GAR  (lanes 
2  and  3)  or  GFP  alone  (lane  1)  were  examined  after  mock  treatment  (lanes  1  and  2)  or  2  h  posttreatment  with  1  |jlM  CPT  for  1  h  (lane  3).  Lysates 
were  analyzed  by  Western  blotting  for  total  p53  levels  (top  panel),  p53  phosphorylation  at  serine  15  (second  panel),  p21wafl,  and  the  loading 
control,  (3-actin. 


sion  indirectly.  As  a  test  of  this  possibility,  we  examined  the 
effect  of  GAR  expression  on  p53  activation  in  U2-OS  cells 
(which  express  wild-type  p53).  Expression  of  nucleolin  GAR 
did  not  increase  p53  levels  (Fig.  7D,  upper  panel)  or  the  level 
of  p53  phosphorylated  on  Serl5,  a  site  modified  by  the  ATM 
and  ATR  kinases  in  response  to  genotoxic  stress  (49,  51).  The 
lack  of  Serl5  phosphorylation  demonstrates  that  p53  and,  in¬ 
directly,  ATM  and  ATR  do  not  become  activated  in  response 
to  GAR  expression  (Fig.  7D,  second  panel).  Aliquots  of  these 
lysates  were  probed  for  the  presence  of  p21wafl,  a  key  stress- 
induced  inhibitor  of  cyclin-dependent  kinases  whose  expres¬ 
sion  results  in  a  Gx/S  arrest.  No  changes  in  the  level  of  p21wafl 
were  detected  in  response  to  GAR  expression  (Fig.  7D,  third 
panel).  In  contrast,  treatment  of  cells  with  CPT  was  found  to 
simultaneously  stimulate  the  levels  of  p53,  (pSerl5)p53,  and 
p21wafi.  The  block  in  cell  cycle  progression  caused  by  expres¬ 
sion  of  nucleolin  GAR  is  therefore  unrelated  to  p53  activation, 
induction  of  p21,  or,  likely,  activation  of  ATM  or  ATR.  In¬ 


stead,  our  data  indicate  that  nucleolin  can  itself  inhibit  DNA 
replication  by  binding  to  RPA  and  inhibiting  RPA  activity. 

DISCUSSION 

In  response  to  genotoxic  insult  and  other  stress  conditions, 
eukaryotic  cells  in  S  phase  use  multiple  mechanisms  to  reduce 
the  level  of  ongoing  DNA  replication  and  thereby  minimize 
the  detrimental  repercussions  to  the  genome.  Certain  stress 
response  pathways  inhibit  S-phase  kinase  complexes  Cdk2/ 
cyclin  E  (10,  19)  and  Cdc7/Dbf4  (11)  whose  activities  are  nec¬ 
essary  to  allow  an  origin  of  replication  to  fire.  Another  route 
apparently  mediating  the  S-phase  checkpoint  targets  the 
Mrell  recombinational  DNA  repair  complex  (43).  In  contrast, 
the  pathway  that  we  identify  involves  the  inhibition  of  an  es¬ 
sential  DNA  replication  factor,  RPA,  by  stress-dependent 
complex  formation  with  nucleolin.  In  this  pathway,  our  data 
indicate  that  nucleolin  becomes  activated  in  response  to  stress, 
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leading  to  heightened  complex  formation  in  both  the  nucleolus 
and  the  nucleoplasm.  This  induced  nucleolin-RPA  complex 
can  block  cellular  transit  through  the  Gj/S  boundary  and  in¬ 
hibit  DNA  replication  during  S  phase.  Furthermore,  the 
nucleolin-mediated  inhibition  can  be  diminished  by  height¬ 
ened  expression  of  RPA. 

What  is  the  mechanism  by  which  nucleolin  inhibits  cell  cycle 
progression?  We  find  that  GST-tagged  nucleolin  FL  and  the 
GAR  domain  each  can  inhibit  SV40  DNA  replication  in  vitro, 
recapitulating  similar  inhibitory  effects  that  were  observed 
when  endogenous  nucleolin  purified  from  human  cells  was 
tested  (13).  Although  our  studies  did  not  find  an  inhibitory 
effect  of  nucleolin  on  RPA  binding  to  single-stranded  DNA, 
we  do  find  that  nucleolin  can  inhibit  the  binding  of  RPA  to 
duplex  molecules  containing  a  central  nonpaired  region  (data 
not  shown).  Such  data  suggest  that  the  nucleolin-RPA  complex 
is  selectively  inhibitory  to  the  initiation  stages  of  replication. 
However,  we  have  recently  presented  data  indicating  that  RPA 
does  not  randomly  bind  to  single-stranded  DNA  at  a  chromo¬ 
somal  DNA  replication  fork  but  is  instead  actively  loaded  by  a 
component  of  the  replication  machinery  (52).  Thus,  complex 
formation  with  nucleolin  has  the  potential  to  prevent  RPA 
from  productive  loading  onto  single-stranded  DNA  at  a  repli¬ 
cation  fork  in  vivo.  Both  of  these  processes  could  inhibit  DNA 
replication  in  vivo  and  cause  a  reduction  in  DNA  synthesis. 
Overall,  our  data  indicate  that  a  direct  interaction  between  the 
GAR  domain  of  nucleolin  and  RPA  is  sufficient  for  replication 
inhibition  in  vivo. 

Our  data  lead  to  the  model  that  genotoxic  stress  activates 
nucleolin,  such  that  the  GAR  domain  becomes  exposed  for 
complex  formation  with  RPA.  In  support  of  this  model,  con¬ 
sider  the  following  data.  First,  although  the  GAR  domain  is 
required  to  bind  RPA,  nucleolin  FL  also  requires  stress  con¬ 
ditions  to  bind  RPA.  Second,  the  nucleolin  TM  molecule  that 
constitutively  binds  RPA  was  mutated  at  three  N-terminal 
positions,  whereas  the  RPA-interacting  GAR  domain  is  lo¬ 
cated  on  the  extreme  C  terminus  of  nucleolin.  Third,  nucleolin 
relocalization  to  the  nucleoplasm,  although  an  outcome  of 
genotoxic  stress  and  heat  shock,  is  not  required  for  RPA  com¬ 
plex  formation  because  our  FRET  data  show  interaction  in  the 
nucleolus,  as  well  as  in  the  nucleoplasm.  Fourth,  a  requirement 
for  changes  in  RPA  modification  does  not  appear  to  be  re¬ 
quired  as  the  GAR  domain  binds  RPA  in  a  stress-independent 
fashion.  Along  these  same  lines,  preliminary  evidence  obtained 
from  test  of  a  hyperphosphorylation  mimic  of  RPA  (RPA2D) 
(52)  showed  no  significant  effects  on  nucleolin  complex  forma¬ 
tion  compared  to  RPA2wt  (data  not  shown).  We  postulate  that 
changes  in  nucleolin  modification  promote  conformational 
changes  which  remove  steric  constraints  preventing  RPA  com¬ 
plex  formation.  Although  expression  of  nucleolin  TM  or  GAR 
do  not  cause  apparent  ATM  or  ATR  activation,  it  is  quite 
possible  that  activation  of  these  kinases  by  genotoxic  stress 
facilitates  nucleolin-RPA  complex  formation,  a  possibility  un¬ 
der  investigation. 

Our  FRET  data  indicate  that  nucleolin-RPA  complex  for¬ 
mation  occurs  both  in  the  nucleoplasm  and  in  the  nucleolus 
and  hence  nucleolin  relocalization  is  not  required  for  these  two 
proteins  to  interact.  Even  so,  nucleolin  relocalization  probably 
facilitates  interaction  with  RPA.  The  nucleolus  comprises  ca. 
10  to  15%  of  the  nuclear  volume  in  human  cells  (e.g.,  see 


reference  18)  and  a  nucleoplasmic  localization  would  provide  a 
larger  volume  in  which  complex  formation  can  occur.  Although 
p53  is  not  required  for  nucleolin-RPA  complex  formation, 
nucleolin  relocalization  is  strongly  dependent  on  p53  (14)  (see 
also  below),  suggesting  that  p53  might  stimulate  the  nucleolin- 
RPA  interaction.  Testing  the  ability  of  p53-positive  (U2-OS) 
and  negative  (H1299)  cells  to  induce  nucleolin-RPA  complex 
formation  after  stress  did  not  reveal  any  obvious  differences. 
That  said,  these  cells  have  genetic  differences  other  than  p53 
that  preclude  our  drawing  firm  conclusions  on  the  potential 
role  of  p53  in  facilitating  complex  formation  at  this  time. 

The  mechanism  of  nucleolin  relocalization  remains  some¬ 
what  unclear.  Previous  study  has  found  that  movement  of  a 
portion  of  the  nucleolin  pool  to  the  nucleoplasm  is  greatly 
facilitated  by  p53  (14).  Because  genotoxic  stress  transiently 
induces  nucleolin  and  p53  complex  formation  (14),  increased 
nucleoplasmic  levels  of  appropriately  modified  p53  and 
nucleolin  may  lead  to  more  complex  formation  and  hence  a  net 
nucleoplasmic  flow  of  nucleolin.  The  lack  of  requirement  for 
p53  in  supporting  nucleolin-RPA  complex  formation  would 
indicate  that  an  event(s),  such  as  changes  to  the  nucleolin 
modification  state,  occurs  prior  to  nucleolin-RPA  and  nucleo- 
lin-p53  complex  formation.  This  event  would  lead  to  the  ap¬ 
parently  independent  increase  in  the  association  of  nucleolin 
with  either  p53  or  RPA.  Along  with  a  p53  requirement  in 
supporting  nucleolin  mobilization  from  the  nucleolus  in  re¬ 
sponse  to  stress,  it  has  also  been  recently  proposed  that  p53 
activation  by  stress  itself  involves  nucleolar  disruption  (ND) 
(46).  In  this  model,  ND  interrupts  a  requisite  nucleolar  export 
pathway  for  p53  destined  for  degradation.  If  this  model  is 
correct,  ND  initiates  p53  activation,  which  itself  leads  to  in¬ 
creased  ND. 

We  identified  the  nucleolin  GAR  domain  as  being  necessary 
for  interaction  with  RPA  in  vitro  and  in  vivo.  The  GAR  do¬ 
main  is  contained  within  —63  residues  and  includes  more  than 
10  RGG  or  FGG  repeats.  Similar  RGG/FGG  repeat  se¬ 
quences  are  found  in  other  RNA-binding  proteins,  including 
hnRNP  Al,  hnRNP  U,  and  fibrillarin  (3).  The  RGG  region 
forms  a  (3-spiral  structure  and  binds  nonspecifically  to  single- 
and  double-stranded  RNA  and  DNA  (21).  The  GAR  domain 
of  nucleolin  interacts  with  various  ribosomal  subunits,  includ¬ 
ing  L3  (22),  and,  along  with  its  ability  to  bind  RNA,  presum¬ 
ably  explains  the  role  of  the  nucleolin  GAR  domain  in  sup¬ 
porting  efficient  nucleolar  localization  (12,  28,  40,  47).  The 
nucleolin  GAR  domain  also  contains  a  12-residue  unique  ly- 
sine-rich  element  at  the  extreme  C  terminus.  Our  far- Western 
analysis  indicates  that  nucleolin  molecules  with  small  C-termi- 
nal  deletions  do  not  support  RPA  binding,  suggesting  that 
RPA  may  bind  this  unique  C-terminal  end.  Additional  studies 
will  be  needed  to  determine  the  relative  contributions  of  the 
RGG  region  and  the  unique  element  in  supporting  complex 
formation  with  RPA. 

It  is  becoming  clear  that  the  nucleolus  is  a  critical  cellular 
body  whose  components  regulate  cell  cycle  progression.  For 
example,  pl9ARF  (pl4ARF  in  humans)  localizes  to  the  nucleo¬ 
lus,  where  it  can  bind  and  sequester  the  p53  antagonist  MDM2 
and  thereby  cause  p53  stabilization  (56).  Similarly,  the  binding 
of  the  human  MDM2  RING  domain  to  ATP  stimulates  nucle¬ 
olar  localization  in  the  absence  of  pl4ARF  (44).  The  yeast 
Yphlp  protein  is  a  BRCT  domain-containing  nucleolar  factor 
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whose  depletion  causes  both  G±  and  G2  arrest  (17).  With 
regard  to  mitotic  progression,  it  has  been  found  that  exit  from 
mitosis  is  controlled  by  the  Cdcl4  protein  phosphatase  that  is 
sequestered  in  the  nucleolus  until  anaphase  (2).  These  and 
other  observations,  combined  with  our  findings  that  nucleolus 
also  serves  a  dual  role  in  ribosome  biogenesis  and  inhibiting 
S-phase  progression  in  response  to  genotoxic  stress,  highlights 
the  importance  of  the  nucleolus  in  serving  to  integrate  cell 
growth  and  cell  stress  pathways. 
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Mammalian  replication  protein  A  (RPA)  undergoes  DNA  damage-dependent  phosphorylation  at  numerous 
sites  on  the  N  terminus  of  the  RPA2  subunit.  To  understand  the  functional  significance  of  RPA  phosphory¬ 
lation,  we  expressed  RPA2  variants  in  which  the  phosphorylation  sites  were  converted  to  aspartate  (RPA2D)  or 
alanine  (RPA2a).  Although  RPA2D  was  incorporated  into  RPA  heterotrimers  and  supported  simian  virus  40 
DNA  replication  in  vitro,  the  RPA2D  mutant  was  selectively  unable  to  associate  with  replication  centers  in  vivo. 
In  cells  containing  greatly  reduced  levels  of  endogenous  RPA2,  RPA2D  again  did  not  localize  to  replication 
sites,  indicating  that  the  defect  in  supporting  chromosomal  DNA  replication  is  not  due  to  competition  with  the 
wild-type  protein.  Use  of  phosphospecific  antibodies  demonstrated  that  endogenous  hyperphosphorylated  RPA 
behaves  similarly  to  RPA2D.  In  contrast,  under  DNA  damage  or  replication  stress  conditions,  RPA2D,  like 
RPA2a  and  wild-type  RPA2,  was  competent  to  associate  with  DNA  damage  foci  as  determined  by  colocalization 
with  Y-H2AX.  We  conclude  that  RPA2  phosphorylation  prevents  RPA  association  with  replication  centers  in 
vivo  and  potentially  serves  as  a  marker  for  sites  of  DNA  damage. 


DNA-damaging  stress  leads  to  the  inception  of  a  variety  of 
cellular  responses  that  serve  to  minimize  mutation  and  prevent 
genomic  instability.  In  particular,  the  cell  cycle  checkpoint 
apparatus  is  activated  to  block  S  phase  entry  and,  in  those  cells 
in  the  replicative  phase,  to  both  inhibit  firing  of  late  origins  of 
DNA  replication  and  avert  the  collapse  of  replication  forks 
blocked  by  damage  (3).  The  DNA  repair  machinery  is  mobi¬ 
lized  in  concert  to  repair  lesions  and  to  allow  eventual  restart 
of  stalled  replication  forks.  One  factor  that  plays  essential  roles 
both  during  DNA  replication  and  in  the  repair-  and  recombi¬ 
nation-mediated  recovery  from  damage  is  replication  protein 
A  (RPA),  the  eukaryotic  single-stranded  (ss)  DNA-binding 
protein  (27,  52). 

RPA  is  a  heterotrimeric  protein  consisting,  in  mammalian 
cells,  of  —70-  (RPA1),  30-  (RPA2),  and  14  (RPA3)-kDa  sub¬ 
units.  During  DNA  replication,  RPA  acts  at  the  fork,  stabiliz¬ 
ing  ssDNA  and  facilitating  nascent  strand  synthesis  by  the 
replicative  DNA  polymerases.  Under  DNA-damaging  condi¬ 
tions,  RPA-ssDNA  complexes  act  to  recruit  and  activate  a  key 
checkpoint  mediator  consisting  of  the  ATR  and  ATRIP  (ATR- 
interacting  protein)  protein-kinase  complex  (54).  At  DNA 
damage-dependent  nuclear  foci,  RPA  interacts  with  repair  and 
recombination  components  to  process  double-strand  DNA 
breaks  and  other  lesions  (19).  RPA  activity  is  regulated  by 
various  stress  conditions.  In  particular,  heat  shock  (12,  47,  48), 
exposure  to  UV  radiation  (9),  and  treatment  with  DNA- alky¬ 
lating  agents  (30)  each  cause  the  generation  of  an  RPA  spe¬ 
cies  that  is  unable  to  support  DNA  replication  in  vitro.  In  the 
case  of  heat  shock,  the  inhibition  of  RPA  activity  is  mediated 
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by  a  stress-dependent  association  with  the  nucleolar  protein 
nucleolin  (12,  47). 

In  an  area  with  potential  regulatory  significance,  RPA  un¬ 
dergoes  both  stress-dependent  and  -independent  phosphory¬ 
lation  on  the  extreme  N  terminus  of  the  RPA2  subunit.  A  basal 
level  of  RPA  modification  by  cyclin-cdk  complexes  occurs  at 
two  sites  (16, 35).  Following  stress,  such  as  exposure  to  ionizing 
(31)  or  UV  (9)  radiation,  or  treatment  with  radiomimetic 
agents,  such  as  camptothecin  (CPT)  (42),  human  RPA2  can  be 
phosphorylated  at  five  or  more  additional  sites  out  of  a  possi¬ 
ble  seven  by  the  phosphatidylinositol  3 -kinase-related  kinases 
(PIKKs)  DNA-PK,  ATM,  and  perhaps  ATR  (7,  10,  17,  18,  31, 
33,  35,  46,  53).  ATM  and  ATR  are  activated  in  response  to 
DNA  damage  and  replication  stress,  and  they  modify  various 
effectors  that  facilitate  the  damage  and  cell  cycle  checkpoint 
responses  (1).  DNA-PK  is  required  directly  in  the  repair  of 
double-strand  DNA  breaks  and  in  V(D)J  recombination  (15). 
These  data  could  suggest  that  the  function  of  stress-dependent 
modification  of  RPA  is  to  repress  DNA  replication  or  to  pro¬ 
mote  recovery  from  DNA  damage,  but  there  are  as  yet  no 
compelling  data  for  either  role.  While  the  results  of  certain 
studies  suggest  that  RPA  modification  by  PIKKs  may  lead  to 
the  inhibition  of  DNA  replication  in  vitro  and  in  vivo  (9,  37), 
direct  testing  of  this  possibility  has  not  shown  any  appreciable 
effects  of  RPA  phosphorylation  on  binding  to  ssDNA  or  on 
replication  in  vitro  using  a  simian  virus  40  (SV40) -based  assay 
(7,  23). 

Because  previous  work  has  primarily  studied  the  effects  of 
mammalian  RPA  phosphorylation  using  in  vitro  systems,  it  is 
possible  that  the  modulation  of  RPA  activity  by  phosphoryla¬ 
tion  might  be  observed  only  in  the  cellular  milieu.  Testing  this 
hypothesis,  we  found  that  RPA2  phosphorylation  mutants  that 
mimic  the  hyperphosphorylated  form  were  unable  to  localize 
to  replication  centers  in  normal  cells.  Interestingly,  binding  of 
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the  hyperphosphorylation  mimic  to  DNA  damage  foci  was 
unaffected,  as  determined  by  colocalization  with  the  DNA 
damage  marker  y-H2AX.  Similar  behavior  was  observed  with 
endogenous  hyperphosphorylated  RPA.  We  conclude  that 
RPA  phosphorylation  following  damage  both  prevents  RPA 
from  catalyzing  DNA  replication  and  potentially  serves  as  a 
marker  to  recruit  repair  factors  to  sites  of  DNA  damage. 

MATERIALS  AND  METHODS 

Cell  lines  and  stress  treatments.  U2-OS  and  HeLa  cells  were  maintained  in 
McCoy’s  5  M  and  Dulbecco’s  modified  Eagle’s  media,  respectively,  supple¬ 
mented  with  10%  fetal  bovine  serum  and  50  |xg  of  gentamicin/ml.  When  the 
effect  of  stress  was  examined,  the  cells  were  treated  with  either  1  |jlM  CPT 
(Sigma)  for  1  or  3  h,  2.5  mM  hydroxyurea  (HU;  Sigma)  for  either  1  or  3  h,  or  7 
|jiM  aphidicolin  (Sigma)  for  3  h.  To  inhibit  the  cellular  checkpoint  response,  cells 
were  treated  with  5  mM  caffeine  for  30  min  prior  to  stress.  Transfection  exper¬ 
iments  were  performed  using  Effectene  (Qiagen). 

Generation  of  RPA2  mutant  constructs.  To  generate  the  myc-RPA2wt  and 
myc-RPA2D  mammalian  expression  vectors,  the  human  RPA2  genes  from  plas¬ 
mids  plldtRPA  and  plldtRPA  •  32Asp8  (4,  24)  were  inserted  into  theXbal  and 
BstBl  sites  of  the  pEF6/Myc-HisA  vector  (Invitrogen),  resulting  in  pERPA2wt 
and  pERPA2D.  Expression  of  the  His6  tag  from  pEF6/Myc-HisA  was  prevented 
by  mutating  the  ATG  codon  at  position  1863  to  a  TGA  codon.  Vectors  express¬ 
ing  the  intermediate  RPA2  phosphorylation  mutants  and  RPA2a  were  con¬ 
structed  by  a  combination  of  site-directed  mutagenesis  of  either  pERPA2wt  or 
pERPA2D  (as  appropriate)  at  positions  23,  29,  and  33  and  replacement  of  larger 
segments  of  the  RPA2  N  terminus  with  synthetic  oligonucleotides  encoding 
mutant  phosphorylation  regions.  Detailed  cloning  procedures  are  available  upon 
request. 

Protein  purification  and  in  vitro  replication  assay.  The  RPARPA2wt  and 
RPARPA2E)  heterotrimers  were  expressed  in  Escherichia  coli  BL21  transformed 
with  plldtRPA  and  plldtRPA  •  32Asp8,  respectively,  and  purified  as  described 
previously  (24,  26).  The  SV40  large  tumor  (T)  antigen  used  for  SV40  DNA 
replication  reactions  was  prepared  from  extracts  of  Sf9  cells  infected  with  the 
recombinant  baculovirus  Ac941SVT  (5)  and  purified  using  immunoaffinity  chro¬ 
matography  (6).  The  AS65  fraction  lacking  RPA  was  prepared  from  HeLa  cell 
extracts  by  ammonium  sulfate  fractionation  according  to  the  method  of  Wobbe 
et  al.  (51).  SV40  DNA  replication  reaction  mixtures  (50  pi)  containing  40  mM 
creatine  phosphate  (diTris  salt;  pH  7.8);  7  mM  MgCl2;  4  mM  ATP;  25  pg  of 
creatine  kinase/ml;  0.4  mM  dithiothreitol;  200  pM  (each)  CTP,  GTP,  and  UTP; 
100  pM  (each)  dATP,  dGTP,  and  dCTP;  25  pM  [3H]dTTP  (-500  cpm/pmol); 
0.2  pg  of  the  on-containing  plasmid  pSVOlAEP  (50);  200  pg  of  the  AS65 
fraction;  0  to  700  ng  of  RPARPA2wt  or  RPARPA2D;  and  750  ng  of  SV40  T  antigen 
were  incubated  at  37°C  for  2  h.  Replication  activity  was  determined  by  precipi¬ 
tating  the  high-molecular-weight  DNA  with  trichloroacetic  acid  and  quantitating 
the  amount  of  3H  in  the  precipitate  by  scintillation  counting.  To  examine  the 
Dpnl  resistance  of  the  replication  products,  replication  reaction  mixtures  con¬ 
taining  600  ng  of  either  RPARPA2wt  or  RPARPA2D  and  100  pM  [a-32P]dCTP 
(1,000  cpm/pmol)  to  label  the  replication  products  were  incubated  at  37°C  for 
2.5  h.  Following  removal  of  protein  by  phenol  extraction,  the  DNA  products 
were  first  linearized  by  digestion  with  Pstl  and  then  either  mock  treated  or 
incubated  with  2.5  U  of  Dpnl  to  cleave  nonreplicated  DNA.  The  digestion 
products  were  separated  by  electrophoresis  through  a  1.1%  agarose  gel  and 
visualized  both  by  ethidium  bromide  staining  and  by  autoradiography. 

Immunoprecipitation  and  immunoblotting.  Transfected  U2-OS  cells  were 
lysed  in  lysis  buffer  (50  mM  Tris-HCl,  pH  7.4, 150  mM  NaCl,  1%  [vol/vol]  NP-40, 
1  mM  phenylmethylsulfonyl  fluoride,  0.1  mM  Na3V04,  1  mM  NaF,  and  1  pg 
each  of  aprotinin,  leupeptin,  and  pepstatin  per  ml).  The  cell  extracts  were  then 
incubated  at  4°C  for  2  h  with  70A  anti-RPAl  monoclonal  antibody  (28)  conju¬ 
gated  to  CNBr-activated  Sepharose  beads  (Amersham  Biosciences).  The  immu- 
noprecipitate  was  washed  five  times  with  lysis  buffer  and  resolved  by  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  (13%  [wt/vol] 
polyacrylamide).  To  test  RPA2  phosphorylation  and  myc-RPA2  expression,  cells 
were  directly  lysed  in  SDS-PAGE  sample  buffer  and  proteins  were  separated  by 
SDS-PAGE.  For  phosphatase  treatment,  cells  were  lysed  in  X  protein  phospha¬ 
tase  buffer  (New  England  Biolabs)  containing  1%  Triton  X-100  and  1  fig  each  of 
aprotinin,  leupeptin,  and  pepstatin  per  ml.  Cell  lysates  (—20  |ig  of  protein)  were 
then  incubated  with  400  U  of  X  protein  phosphatase  for  30  min  at  30°C  or  mock 
treated  in  the  presence  of  protein  phosphatase  inhibitors  (0.1  mM  Na3V04,  1 
mM  NaF).  The  Western  blots  were  developed  with  an  anti-RPA2  34A  mouse 


monoclonal  antibody  (28)  or  a  rabbit  polyclonal  anti-pSer4/pSer8-RPA2  anti¬ 
body  obtained  from  Bethyl  Laboratories,  Inc.  (Montgomery,  Tex.).  Proteins  were 
detected  using  enhanced  chemiluminescence  (Amersham  Biosciences). 

Cell  cycle  assay.  Forty-eight  hours  posttransfection,  cells  were  incubated  with 
10  |iM  bromodeoxyuridine  (BrdU).  After  a  30-min  incubation,  the  cells  were 
fixed  and  processed  according  to  the  BrdU  Flow  Kit  manual  (BD  Pharmingen). 
Following  incubation  with  rat  anti-BrdU  (Harlan  Sera-Lab)  and  rabbit  anti-myc 
(Upstate  Biotechnology)  antibodies,  the  cells  were  stained  with  anti-rat  fluores¬ 
cein  isothiocyanate-conjugated  and  anti-rabbit  phycoerythrin-conjugated  sec¬ 
ondary  antibodies  (Jackson  ImmunoResearch  Laboratories).  The  DNA  was 
stained  with  7-aminoactinomycin  D,  and  the  cells  were  subjected  to  fluorescence- 
activated  cell  sorting  (FACS)  analysis. 

Immunofluorescence  microscopy.  Transfected  cells  were  processed  by  two 
methods.  To  test  protein  expression  and  transfection  efficiency,  the  cells  were 
first  washed  with  phosphate-buffered  saline  (PBS),  fixed  with  4%  (wt/vol)  form¬ 
aldehyde  in  PBS  for  15  min  at  room  temperature,  and  then  extracted  with  PBS 
containing  0.5%  (vol/vol)  Triton  X-100  for  5  min.  To  study  chromatin-bound 
proteins,  the  cells  were  extracted  with  0.5%  (vol/vol)  Triton  X-100  for  5  min  prior 
to  fixation  as  described  previously  (13).  When  required,  cells  were  incubated  in 
media  containing  10  pM  BrdU  for  10  min  prior  to  harvest.  For  detection  of 
incorporated  BrdU,  DNA  was  denatured  with  HC1  using  standard  procedures. 
RPA2  silencing  was  achieved  using  a  short  interfering  RNA  (siRNA)  duplex 
targeted  to  the  5'-CCUAGUUUCACAAUCUGUU  sequence  found  in  the  3' 
noncoding  region  of  RPA2  mRNA.  Prepared  cells  were  incubated,  as  required, 
with  rabbit  anti-myc  (Upstate  Biotechnology),  mouse  anti-RPAl  70A  and  anti- 
RPA2  34A  (28),  rabbit  anti-pSer4/pSer8-RPA2  (Bethyl  Laboratories),  rat  anti- 
BrdU  (Harlan  Sera-Lab),  and  mouse  anti-yH2AX  (Upstate  Biotechnology)  an¬ 
tibodies.  Following  staining  with  the  appropriate  secondary  antibodies  (Jackson 
ImmunoResearch  Laboratories),  the  cells  were  examined  by  epifluorescence 
microscopy  using  a  Zeiss  Axiophot  microscope.  To  calculate  the  relative  fre¬ 
quency  of  myc-RPA2-positive  cells  (see  Fig.  6H  and  8M),  the  fraction  of  cells 
transfected  with  myc-RPA2wt  or  the  myc-tagged  RPA  mutants  was  first  deter¬ 
mined  by  processing  cells  without  prior  Triton  X-100  extraction  (e.g., 
Ftransfection:wt  and  Ftransfection:D4).  Separately,  the  fraction  of  cells  showing  sig¬ 
nificant  chromatin  staining  was  also  determined  (e.g.,  Fchromatin:wt  and  Fchromatin: 
D4-).  The  relative  frequency  of  cells  that  were  positive,  for  example,  for  myc- 
RPA2d4  chromatin  staining  was  calculated  using  the  following  formula:  relative 
frequency  =  (Fchromatin;D4/Ftransfection:E)4)/(i7chromatin:wt/Ftransfection;wt)  •  100%. 
Each  value  determined  was  the  result  of  three  independent  experiments. 

RESULTS 

The  RPA2d  phosphorylation  mimic  localizes  to  the  nucleus 
but  is  not  chromatin  bound.  To  understand  the  functional 
significance  of  RPA  phosphorylation,  we  generated  various 
human  RPA2  constructs  in  which  subsets  of  the  nine  potential 
N-terminal  phosphorylation  sites  were  mutated.  Previous  stud¬ 
ies  have  shown  that  two  of  the  RPA2  sites  (S23  and  S29)  are 
phosphorylated  in  a  cell  cycle-dependent  manner  by  cyclin- 
cdk2  complexes  (16,  35).  At  least  five  of  the  other  seven  (S4, 
S8,  Sll,  S12,  S13,  T21,  and  S33)  can  be  phosphorylated  in 
response  to  UV  irradiation  (53).  Ionizing  irradiation  and  treat¬ 
ment  with  the  radiomimetic  agent  CPT  cause  similar  RPA 
hyperphosphorylation  and  likely  modification  of  most  if  not  all 
of  these  same  sites  (31,  42).  Various  data  strongly  suggest  that 
the  PIKK  members  DNA-PK  and  ATM,  and  likely  ATR,  can 
independently  modify  the  RPA  stress-dependent  sites  (7,  10, 
17,  18,  31,  33,  35,  46),  although  only  two  (T21  and  S33)  have 
canonical  SQ/TQ  sequences  that  are  PIKK  targets  (1).  Both  of 
the  cyclin-cdk2  sites  and  six  of  the  stress-dependent  sites  (S8, 
Sll,  S12,  S13,  T21,  and  S33)  were  replaced  by  aspartate  to 
mimic  phosphate  (generating  the  RPA2D  mutant;  see  Fig.  6G 
for  a  schematic  showing  the  construction  of  this  and  other 
mutants).  Although  an  aspartate  residue  is  not  the  same  as 
phosphoserine  or  phosphothreonine,  the  use  of  aspartate  res¬ 
idues  to  imitate  phosphate  has  been  shown  in  many  cases  to 
have  identical  effects  on  protein  structure  and  activity  (25,  49). 
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FIG.  1.  The  myc-RPA2wt  subunit  colocalizes  with  endogenous  RPA1  and  DNA  replication  centers.  U2-OS  cells  were  transfected  with  a  vector 
expressing  myc-RPA2wt.  To  allow  visualization  of  chromatin-bound  myc-RPA,  the  cells  were  first  extracted  with  0.5%  Triton  X-100  for  5  min  and 
then  fixed  with  formaldehyde.  (E  to  H)  To  detect  sites  of  DNA  replication,  BrdU  was  added  to  the  medium  10  min  before  the  cells  were  prepared 
for  epifluorescence  microscopy.  As  indicated,  the  cells  were  then  stained  with  anti-myc  (A  and  F),  anti-RPAl  (B),  or  anti-BrdU  (E)  antibody.  The 
extent  of  myc-RPA2wt  and  endogenous  RPA1  colocalization  is  shown  (C),  with  enlargement  of  a  particular  nuclear  region  (boxed)  (D).  BrdU  and 
myc-RPA2wt  colocalization  are  similarly  shown  (G  and  H). 


In  the  RPA2A  mutant,  these  same  eight  sites  were  converted  to 
alanines  to  prevent  phosphorylation  (see  also  Fig.  6G).  All  of 
the  mutants  and  the  wild-type  RPA2  control  (RPA2wt)  con¬ 
tained  a  C-terminal  myc  tag. 

The  RPA2wt  subunit  was  expressed  in  human  U2-OS  cells. 
To  detect  the  chromatin-bound  fraction  of  RPA2,  transfected 
cells  were  extracted  with  nonionic  detergent  prior  to  formal¬ 
dehyde  fixation  (13).  Under  such  conditions,  RPA  bound  to 
chromatin  in  nuclear  replication  foci  can  be  selectively  visual¬ 
ized.  The  transfected  RPA2wt  subunit  nearly  completely  colo¬ 
calized  with  the  endogenous  RPA1  and  exhibited  a  punctate 
distribution  throughout  the  nucleus,  consistent  with  its  recruit¬ 
ment  to  DNA  replication  centers  (Fig.  1A  to  D).  To  confirm 
this  observation,  transfected  cells  were  pulse-labeled  with 
BrdU  prior  to  fixation,  and  the  sites  of  RPA2wt  localization 
and  BrdU  incorporation  were  examined.  As  expected,  the 
RPA2wt  subunit  showed  nearly  complete  colocalization  with 
replicating  chromatin  (Fig.  IE  to  H).  Taken  together,  these 
results  indicate  that  the  recombinant  RPA2wt  subunit  can  func¬ 
tionally  replace  endogenous  RPA2  in  supporting  chromosomal 
DNA  replication. 

We  next  examined  the  localization  of  the  RPA2A  and  RPA2D 
mutants.  Transfected  cells  were  examined  both  without  and 
with  prior  detergent  extraction  to  reveal  transfection  efficiency 
and  to  show  the  fraction  bound  to  chromatin,  respectively.  The 
distribution  of  RPA2A  on  chromatin  (Fig.  2L)  was  virtually 
identical  to  the  replication  pattern  seen  with  endogenous 
RPA2  (data  not  shown)  and  the  RPA2wt  variant  (Fig.  2D)  and 
showed  nearly  complete  colocalization  with  endogenous  RPA1 
(Fig.  2K  and  data  not  shown).  RPA2  phosphorylation  is  there¬ 
fore  not  required  for  association  with  replication  centers. 


In  dramatic  contrast,  we  did  not  observe  chromatin  staining 
for  RPA2D  (Fig.  2H),  even  though  the  RPA2D  mutant  was 
expressed  to  an  equivalent  similar  to  that  of  the  RPA2wt  con¬ 
struct  (Fig.  2F  and  B,  respectively).  Similar  experiments  were 
performed  with  RPA2D  and  RPA2wt  expressed  as  fusion  pro¬ 
teins  with  green  fluorescent  protein.  While  a  modest  RPA2wt 
signal  was  detected,  we  did  not  observe  an  appreciable  level  of 
chromatin  binding  for  RPA2D  (data  not  shown).  We  therefore 
find  that  mutation  of  RPA2  to  a  hyperphosphorylation  mimic 
greatly  reduces  its  localization  to  DNA  replication  centers. 

In  addition  to  the  possibility  that  phosphorylation  of  RPA 
inhibits  its  normal  participation  at  the  DNA  replication  fork  in 
vivo,  other  explanations  exist.  One  is  that  the  myc-RPA2D 
subunit  is  unable  to  complex  with  the  other  RPA  subunits.  To 
examine  this,  lysates  prepared  from  cells  transfected  with 
the  RPA2wt  and  RPA2D  expression  vectors  were  subjected  to 
immunoprecipitation  with  an  anti-RPAl  antibody  and  im- 
munoblotted  for  the  presence  of  RPA2.  The  two  myc-RPA2 
variants,  as  well  as  the  endogenous  RPA2,  efficiently  copre¬ 
cipitated  with  the  RPA1  subunit  (Fig.  3A,  lanes  1  to  3).  The 
RPA2D  protein  was  also  found  in  the  lysate  at  levels  com¬ 
parable  to  those  of  RPA2wt,  suggesting  that  the  two  proteins 
have  similar  stabilities  (lanes  5  and  6).  Because  RPA1  and 
RPA2  complex  formation  requires  the  RPA3  subunit  (24, 
44),  these  data  indicate  that  the  two  mutants  form  RPA 
heterotrimers  with  equivalent  efficiencies. 

To  establish  if  heterotrimeric  RPA  containing  the  RPA2D 
subunit  (RPARPA2D)  was  inherently  unable  to  function  in 
DNA  replication,  we  tested  the  abilities  of  RPARPA2D  and 
RPARPA2wt  to  support  SV40  DNA  replication  in  vitro.  With 
the  exception  of  the  viral  large  T  antigen,  SV40  replication  is 
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FIG.  2.  Lack  of  association  of  the  RPA2D  mutant  with  chromatin  in  unstressed  cells.  U2-OS  cells  were  transfected  with  a  vector  expressing 
myc-RPA2wt  (A  to  D),  myc-RPA2D  (E  to  H),  or  myc-RPA2A  (I  to  L).  (C,  D,  G,  H,  K,  and  L)  To  allow  visualization  of  chromatin-bound  myc-RPA, 
cells  were  first  extracted  with  0.5%  Triton  X-100  for  5  min  and  then  fixed  with  formaldehyde  (+  extraction).  (A,  B,  E,  F,  I,  and  J)  To  assay  for 
transfection  efficiency,  cells  were  also  fixed  without  prior  extraction  (-  extraction).  The  cells  were  then  stained  with  anti-myc  (B,  D,  F,  H,  J,  and 
L)  or  anti-RPAl  (A,  C,  E,  G,  I,  and  K)  antibody. 


catalyzed  by  host  cell  components  (8,  22).  The  SV40  system 
can  thus  provide  a  relatively  comprehensive  test  of  the  ability 
of  RPA  to  interact  functionally  with  ssDNA  and  the  DNA 
replication  machinery.  Previous  work  by  J.  Hurwitz  and  col¬ 
leagues  has  shown  that  separation  of  human  cell  extracts  by 
ammonium  sulfate  precipitation  yields  two  required  fractions 
(AS30  and  AS65),  with  RPA  found  to  be  the  only  essential 
factor  within  the  AS30  fraction  (51).  Because  the  AS65  frac¬ 
tion  lacks  RPA,  the  activities  of  different  RPA  variants  can 
be  assayed  by  their  abilities  to  complement  the  AS65  frac¬ 
tion  in  supporting  SV40  DNA  replication.  The  RPARPA2D 
and  RPARPA2wt  variants  were  produced  in  E.  coli  and  purified 
to  homogeneity  (Fig.  3B).  Use  of  the  AS65  fraction  alone 
showed  no  significant  DNA  replication  activity  (Fig.  3C).  The 
addition  of  either  heterotrimeric  RPA  complex  supported  T- 
antigen-dependent  viral  DNA  replication  to  similar  extents, 
and  the  activities  of  the  two  RPA  variants  were  similar  over  a 
range  of  levels  (Fig.  3C).  The  reaction  products  synthesized  in 


the  presence  of  RPARPA2D  or  RPARPA2wt  were  equally  resis¬ 
tant  to  Dpnl,  demonstrating  that  they  were  bona  fide  DNA 
replication  products  and  not  due  to  repair  synthesis  (Fig.  3D). 
RPARPA2D  is  therefore  functionally  active  in  supporting  DNA 
replication  in  vitro.  RPARPA2D  was  also  found  to  bind  nor¬ 
mally  to  short  ssDNA  oligonucleotides  (4).  These  results  are 
not  completely  unexpected,  as  it  was  shown  previously  that  the 
RPA  phosphorylation  state  does  not  appreciably  affect  the 
ability  of  RPA  to  function  in  viral  DNA  replication  or  in  DNA 
repair  (2,  7,  36).  In  sum,  mutation  of  the  seven  serines  and  one 
threonine  in  the  N  terminus  of  RPA2  to  negatively  charged 
aspartate  residues  does  not  have  any  apparent  effect  on  the 
inherent  activity  of  the  heterotrimeric  protein. 

We  next  examined  the  possibility  that  expression  of  the 
RPA2D  mutant  generates  a  signal  that  shuts  down  cellular 
DNA  synthesis  and  thus  indirectly  prevents  RPA2D  from  as¬ 
sociating  with  chromatin.  To  address  this  issue,  cells  were 
transfected  with  the  RPA2wt  or  RPA2D  expression  construct 
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FIG.  3.  RPA2D-containing  RPA  heterotrimers  are  replication  competent.  (A)  U2-OS  cells  were  transfected  with  empty  vector  (lanes  1  and  4), 
myc-RPA2wt  (lanes  2  and  5),  or  myc-RPA2D  (lanes  3  and  6).  Lysates  were  prepared  from  each  batch  of  transfected  cells,  and  the  lysates  were 
subjected  to  immunoprecipitation  using  anti-RPAI  antibodies.  Immunoprecipitates  (IP)  (lanes  1  to  3)  and  aliquots  of  the  lysates  (lanes  4  to  6)  were 
then  analyzed  for  the  presence  of  RPA2  by  Western  blotting  analysis  using  RPA2  antibodies  (which  recognize  both  transfected  and  endogenous 
RPA2).  (B  and  C)  RPA  heterotrimers  that  contained  either  RPA2wt  (lane  1)  or  RPA2D  (lane  2)  were  expressed  in  E.  coli,  purified,  and  analyzed 
by  SDS-PAGE  and  Coomassie  blue  staining  (B).  The  purified  RPA  was  then  assayed  for  the  ability  to  support  SV40  DNA  replication  in 
combination  with  an  AS65  fraction  purified  from  HeLa  cells  (51)  (C).  The  open  triangle  shows  that  only  background  levels  of  DNA  synthesis  occur 
in  reactions  containing  RPA2wt  but  lacking  T  antigen.  Similar  results  were  observed  using  RPA2D.  (D)  SV40  DNA  replication  reactions  were 
performed  in  the  presence  of  [a-32P]dCTP  to  label  the  replication  products  as  described  in  Materials  and  Methods.  The  reaction  mixtures 
contained  600  ng  of  either  RPARPA2wt  (lanes  1,  2,  4,  and  5)  or  RPARPA2d  (lanes  3  and  6)  and  either  lacked  T  antigen  (lanes  1  and  4)  or  contained 
750  ng  of  T  antigen  (lanes  2,  3,  5,  and  6).  After  isolation,  the  DNA  replication  products  were  first  linearized  by  restriction  digestion  and  then  either 
mock  treated  (lanes  1  to  3)  or  incubated  with  Dpnl  to  cleave  nonreplicated  DNA  (lanes  4  to  6).  The  digestion  products  were  then  subjected  to 
agarose  gel  electrophoresis,  and  the  images  of  the  ethidium  bromide  (EtBr)-stained  gel  (to  show  the  total  level  of  DNA)  and  the  autoradiograph 
of  the  gel  (to  visualize  32P-labeled  reaction  products)  are  provided.  The  observed  bands  correspond  to  the  linearized  SV40  origin-containing 
plasmid. 


and  pulse-labeled  with  BrdU.  The  cells  were  then  subjected  to 
FACS  based  on  three  signals:  the  level  of  myc-RPA2,  DNA 
content,  and  BrdU  incorporation.  In  addition  to  confirming 
that  the  two  RPA2  variants  were  expressed  at  comparable 
levels  (Fig.  4A  and  C),  it  was  found  that  the  percentages  of 
cells  in  S  phase  were  similar  regardless  of  whether  the  cells 
were  transfected  with  RPA2wt  (Fig.  4B),  RPA2D  (Fig.  4D),  or 
empty  vector  (not  shown).  Although  the  percentage  of  cells  in 
S  phase  was  somewhat  high  compared  to  other  experiments, 
perhaps  because  of  transfection  conditions,  the  fractions  of 
cells  in  S  phase  were  routinely  found  to  be  similar  for  RPA2wt 
and  RPA2D.  We  conclude  that  expression  of  RPA2D  does  not 
significantly  affect  cell  cycle  progression. 

RPA2d  is  unable  to  complement  the  loss  of  endogenous 
RPA2.  The  data  presented  above  suggested  that  the  RPA2wt 
subunit,  but  not  RPA2D,  would  be  able  to  complement  the  loss 
of  endogenous  RPA2  and  support  chromosomal  DNA  repli¬ 
cation.  To  test  this  possibility,  cells  were  depleted  of  cellular 
RPA2  by  using  an  siRNA  molecule  directed  against  the  3' 
noncoding  sequence  of  RPA2.  The  RPA2  expression  cassettes 
do  not  contain  the  siRNA-targeted  sequences,  and  hence  the 
myc-RPA2  RNA  produced  from  these  vehicles  is  resistant  to 
siRNA-mediated  degradation.  Visualization  of  RPA2  in  these 
siRNA-treated  cells  by  epifluorescence  microscopy  showed  an 
apparent  reduction  of  the  RPA2  signal  to  nearly  background 
level  in  >90%  of  the  cells  (compare  Fig.  5D  with  A).  Western 
blotting  analysis  indicated  that  RPA2  levels  were  reduced  by 
>95%  (data  not  shown).  Upon  co transfection  with  myc- 
RPA2wt,  a  significant  fraction  of  the  cells  demonstrated  a  ro¬ 
bust  myc  signal  bound  to  chromatin,  with  the  pattern  of  bind¬ 


ing  similar  to  that  seen  in  replicating  cells  (Fig.  5C).  In 
contrast,  little  or  no  myc-RPA2D  was  found  associated  with 
chromatin  (Fig.  5F),  even  though  comparable  levels  of  RPA2wt 
and  RPA2D  expression  were  detected  in  nonextracted  cells 
(Fig.  5B  and  E,  respectively).  We  therefore  conclude  that 
RPA2D,  unlike  RPA2wt,  is  unable  to  complement  the  loss  of 
endogenous  RPA2  and  support  DNA  replication.  These  data 
also  indicate  that  RPARPA2D  is  not  prevented  from  binding 
ssDNA  because  of  competition  with  the  endogenous  RPA  but 
rather  is  inherently  unable  to  productively  interact  with  the 
DNA  replication  machinery. 

RPA  association  with  replication  centers  is  dependent  on 
the  RPA2  N  terminus  negative  charge.  We  next  examined 
whether  mutation  of  particular  serine  or  threonine  residues  to 
aspartate  was  responsible  for  the  lack  of  RPA2D  association 
with  replication  centers  or  whether  it  was  a  consequence  of  the 
heightened  negative  charge  at  the  RPA2  N  terminus.  We  first 
constructed  serine-to-aspartate  substitutions  at  the  cyclin-cdk2 
sites  S23  and  S29  (RPA2D2)  (Fig.  6G).  S29  is  invariably  mod¬ 
ified  in  each  form  of  phosphorylated  RPA  (53),  and  thus,  the 
RPA2D2  mutant  resembles  the  form  found  in  the  initial  steps 
of  the  RPA  phosphorylation  pathway.  Further  intermediate 
RPA2  mutants  were  designed  to  roughly  follow  the  phosphor¬ 
ylation  pathway,  as  suggested  by  the  data  of  Zernik-Kobak  and 
colleagues  (53).  However,  it  must  be  mentioned  that  the  exact 
pathway  of  RPA2  modification  from  the  hypophosphorylated 
to  the  hyperphosphorylated  form  is  not  known,  and  it  is  un¬ 
likely  that  a  strict  order  of  modification  occurs  in  vivo.  Addi¬ 
tional  serine-to-aspartate  changes  were  generated  in  the  back¬ 
ground  of  the  RPA2D2  mutant,  with  a  total  of  three  (RPA2D3 
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FIG.  4.  Expression  of  RPA2D  does  not  affect  cell  cycle  progression.  Cells  transfected  with  myc-RPA2wt  (A  and  B)  or  myc-RPA2D  (C  and  D) 
were  incubated  with  10  |jlM  BrdU  for  30  min  prior  to  harvest.  The  cells  were  then  subjected  to  FACS  analysis  using  a  pairwise  analysis  of  the  levels 
of  myc  and  BrdU  signals.  Transfected  cells  (with  significant  myc  signals  [boxed  regions  in  panels  A  and  C])  were  further  analyzed  for  the  BrdU 
signal  and  the  amount  of  DNA.  (B  and  D)  Fractions  of  cells  in  G1?  S,  and  G2  phases.  For  each  plot,  thex  andy  axes  indicate  fluorescence  intensities 
of  the  different  signals. 


and  RPA2D31),  four  (RPA2D4  and  RPA2D41),  or  five  (RPA2D5) 
positions  mutated.  The  sites  mutated  in  these  RPA2  variants 
are  also  found  to  be  modified  in  RPA  with  an  intermediate 
phosphorylation  state  in  vivo. 

Transfection  of  U2-OS  cells  indicated  that  all  of  the  inter¬ 
mediate  RPA2  mutants  were  expressed  at  similar  levels  (Fig. 
6 A  and  B  and  data  not  shown).  Relative  to  RPA2wt,  the  RPA2 
mutants  with  two  or  three  Ser^Asp  changes  had  two  notable 
effects:  (i)  a  modestly  reduced  fraction  of  transfected  cells 
showing  mutant  RPA2  bound  to  chromatin  (Fig.  6H)  and  (ii) 
a  reduction  in  the  intensity  of  RPA2  bound  to  chromatin  (see 
below).  More  dramatic  effects  were  observed  when  four  or  five 
serines  were  converted.  For  RPA2D41,  the  fraction  of  cells  with 
significant  chromatin  binding  was  threefold  less  than  for 
RPA2wt,  and  this  fraction  was  reduced  to  8%  for  the  RPA2D5 
mutant  (Fig.  6H).  The  intensities  of  chromatin  staining  for  the 
intermediate  RPA2  mutants  were  also  greatly  reduced  in  in¬ 
dividual  cells,  as  demonstrated  by  comparing  the  average  stain¬ 
ing  patterns  of  cells  transfected  with  RPA2wt  and  RPAD41  (Fig. 
6C  and  D,  respectively  [taken  with  identical  exposure  times]). 


The  decrease  in  association  of  RPA2  with  replication  cen¬ 
ters  was  most  strongly  correlated  with  the  number  of  aspartate 
residues  rather  than  with  changes  at  any  particular  positions. 
The  notion  that  the  mutation  of  serines  to  aspartates  per  se 
(i.e.,  irrespective  of  the  changes  in  the  RPA2  negative  charge) 
causes  decreased  RPA  binding  to  replication  centers  is  argued 
against  because  the  N  terminus  of  RPA2  is  not  critical  for 
DNA  replication  in  vitro  for  mammalian  RPA  (23)  or  in  vivo 
for  yeast  RPA  (38).  These  data  therefore  suggest  that  the 
increase  in  net  negative  charge  afforded  by  the  increased  num¬ 
ber  of  aspartate  residues  is  the  primary  factor  regulating  RPA 
binding  to  chromatin.  Although  the  location  of  the  aspartate 
residues  did  not  appear  to  have  major  effects  on  RPA2  activity, 
we  did  note  that  mutation  of  the  S33  site,  known  as  a  consensus 
sequence  for  PIKKs,  appeared  to  have  a  somewhat  more  del¬ 
eterious  effect. 

RPA2d  is  recruited  to  DNA  damage  foci  following  genotoxic 
stress.  Under  DNA  damage  conditions,  a  significant  change 
occurs  in  the  nuclear  distribution  of  RPA,  with  the  more  dif¬ 
fuse  punctate  pattern  seen  during  DNA  replication  transform- 
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FIG.  5.  Lack  of  RPA2D  chromatin  association  in  cells  lacking  endogenous  RPA2.  U2-OS  cells  were  incubated  with  a  control  (i.e.,  scrambled) 
siRNA  (A)  or  an  siRNA  specific  for  the  3'  noncoding  region  of  the  RPA2  mRNA  (B  to  F).  The  cells  were  simultaneously  cotransfected  with  an 
empty  control  vector  (D),  myc-RPA2wt  (B  and  C),  or  myc-RPA2  D  (E  and  F).  Forty-eight  hours  posttransfection,  the  cells  were  extracted  with  0.5% 
(vol/vol)  Triton  X-100  for  5  min  prior  to  formaldehyde  fixation  to  reveal  RPA  associated  with  chromatin  (C  and  F)  or  were  fixed  to  show  total 
endogenous  or  transfected  RPA2  (A,  B,  D,  and  E).  The  cells  were  then  stained  with  anti-RPA2  (A  and  D)  or  anti-myc  (panels  B,  C,  E,  and  F) 
antibody  and  then  visualized  by  epifluorescence  microscopy.  Cells  with  representative  signals  were  chosen. 


ing  to  bright,  well-distinguished  foci.  In  this  state,  RPA  colo¬ 
calizes  with  a  number  of  repair  and  checkpoint  proteins  (e.g., 
ATR  and  Rad51)  and  is  thought  to  demarcate  the  sites  of 
DNA  repair  and/or  unrepairable  lesions  (19,  20,  39,  54).  Such 
stress  conditions  cause  a  subset  of  the  endogenous  RPA  pool 
to  become  hyperphosphorylated  (see  below).  We  therefore 
reexamined  the  behavior  of  RPA2D  and  RPA2A  in  cells  un¬ 
dergoing  genotoxic  stress. 

Cells  were  transfected  with  the  RPA2wt,  RPA2A,  or  RPA2D 
expression  construct  and  then  treated  with  CPT.  CPT  inhib¬ 
its  topoisomerase  I,  indirectly  causing  DNA  double-strand 
breaks,  and  leads  to  rapid  and  massive  RPA  phosphorylation 
(42).  Similar  to  RPA2wt  (Fig.  7A  to  C),  the  RPA2A  variant 
colocalized  with  RPA1  in  bright  foci  following  CPT  treatment 
(Fig.  7G  to  I).  Very  similar  foci  were  observed  for  endogenous 
RPA2  (not  shown).  Thus,  the  phosphorylation-defective  RPA2A 
variant  is  apparently  competent  to  bind  chromatin  both  in 
normal  (above  [Fig.  2L])  and  in  stressed  cells. 

In  sharp  contrast  to  the  inability  of  RPA2D  to  stably  asso¬ 
ciate  with  replication  centers,  CPT  treatment  caused  the 
RPA2D  variant  to  colocalize  with  RPA1  in  DNA  damage  foci 
(Fig.  7D  to  F).  The  number  and  distribution  of  these  foci,  as 
well  as  the  intensity  of  staining,  were  indistinguishable  from 
those  observed  with  the  RPA2wt  (and  RPA2A)  construct.  Thus, 
although  the  RPA2D  mutant  is  unable  to  localize  to  replication 
centers,  this  defect  does  not  extend  to  the  involvement  of 
RPA2D  in  the  DNA  damage  response. 

We  determined  if  the  CPT-dependent  recruitment  of 
RPA2D  to  DNA  damage  foci  was  applicable  to  other  stresses. 
We  tested  HU  and  aphidicolin,  agents  that  do  not  directly 
cause  DNA  damage  but  rather  result  in  stalling  of  the  DNA 


replication  fork.  As  cells  were  incubated  with  HU  from  1  to  3  h 
(Fig.  8E  and  F),  a  progressive  increase  in  RPA2D  association 
with  chromatin  was  observed,  with  most  cells  demonstrating  a 
dispersed  staining  pattern.  A  fraction  of  cells  exhibited  distinc¬ 
tive  foci,  and  these  showed  significant  colocalization  with 
7-H2AX,  the  phosphorylated  form  of  histone  variant  H2AX 
that  is  a  marker  for  sites  of  DNA  damage  (Fig.  81  to  L)  (40). 
Similar  effects  of  HU  were  noted  on  cells  transfected  with 
RPA2wt  (Fig.  8 A  and  B).  In  contrast,  treatment  with  aphidi¬ 
colin  for  3  h  did  not  stimulate  RPA2D  association  with  chro¬ 
matin  (Fig.  8M;  data  not  shown),  demonstrating  reduced  tox¬ 
icity  of  aphidicolin  relative  to  HU  under  these  conditions. 
Exposure  to  ionizing  radiation  (10  Gy)  gave  rise  to  staining 
patterns  of  RPA2wt  and  RPA2D  similar  to  that  found  with  CPT 
(data  not  shown). 

In  the  functional  absence  of  the  budding  yeast  homologs  of 
ATR  and  its  downstream  effector  Chkl  (Meclp  and  Rad53, 
respectively),  replication  forks  have  a  greater  propensity  to 
collapse  when  encountering  DNA  damage,  yielding  unregu¬ 
lated  production  of  long  ssDNA  regions  (32,  43,  45).  We  there¬ 
fore  hypothesized  that  addition  of  caffeine,  an  inhibitor  of  the 
ATR-ATM-dependent  checkpoint  response  (21,  41),  to  HU- 
treated  cells  would  similarly  lead  to  replication  fork  degrada¬ 
tion.  This  in  turn  would  cause  faster  induction  of  DNA  damage 
foci  and  of  RPA2D  localization.  To  test  this  hypothesis, 
RPA2wt-  or  RPA2D-transfected  cells  were  treated  with  HU  for 
1  or  3  h  in  the  presence  of  caffeine.  Particularly  for  RPA2D, 
addition  of  caffeine  dramatically  increased  the  number  and 
intensity  of  RPA2  foci  at  both  the  1-  and  3-h  time  points  (Fig. 
8G  and  H).  Quantification  of  the  effects  on  myc-RPA2  local¬ 
ization  demonstrated  that  caffeine  greatly  increased  the  frac- 


and  H)  Serines  and  threonine  (boldface  and  underlined)  at  the  potential  phosphorylation  sites  in  the  N  terminus  of  the  RPA2  subunit  were  replaced  with  alanines  (A)  or  aspartates  (D)  as  indicated. 
Cells  expressing  these  myc-tagged  RPA2  mutants  were  then  analyzed  by  immunofluorescence  microscopy  for  the  presence  of  myc-RPA2  bound  to  chromatin  and,  in  parallel  reactions,  for  transfection 
efficiency.  The  relative  frequencies  of  myc-RPA2  positive  cells  were  calculated  as  described  in  Materials  and  Methods. 
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FIG.  7.  RPA2d  binds  chromatin  and  colocalizes  with  RPA1  after  CPT  treatment.  U2-OS  cells  were  transfected  with  myc-RPA2wt  (A  to  C), 
myc-RPA2D  (D  to  F),  or  myc-RPA2A  (G  to  I)  vector.  Forty-eight  hours  posttransfection,  the  cells  were  incubated  with  1  |jlM  CPT  for  3  h,  extracted 
with  0.5%  (vol/vol)  Triton  X-100  for  5  min,  fixed,  and  stained  with  anti-RPAl  (A,  D,  and  G)  and  anti-myc  (B,  E,  and  H)  antibodies.  (C,  F,  and 
I)  Colocalization  of  the  two  stains,  enlarged  from  the  boxed  regions. 


tion  of  HU-treated  cells  with  significant  RPA2D  and  RPA2wt 
signals  (Fig.  8M). 

The  effects  of  these  various  stress  conditions  on  endogenous 
RPA  phosphorylation  were  also  examined  (Fig.  8N).  Those 
stress  conditions  that  resulted  in  significant  RPA2D  chromatin 
binding  also  caused  increased  phosphorylation  of  endogenous 
RPA2,  although  CPT  caused  modification  of  a  greater  fraction 
of  the  RPA  pool,  as  well  as  phosphorylation  of  more  RPA2 
sites,  than  HU.  Enhanced  phosphorylation  of  RPA  following  a 
1-h  treatment  with  HU  and  caffeine  was  occasionally  seen. 
Consistent  with  our  results  showing  the  inability  of  aphidicolin 
to  stimulate  the  chromatin  binding  of  RPA2D,  aphidicolin  also 
did  not  induce  RPA2  phosphorylation.  Because  caffeine  has 
been  demonstrated  to  be  an  inhibitor  of  ATM  and  ATR  kinase 
activities  (21,  41),  the  observed  hyperphosphorylation  of 
RPA  probably  results  from  the  caffeine-insensitive  activity  of 
DNA-PK  that  is  stimulated  by  collapsed  replication  forks. 
However,  we  note  that  a  recent  study  found  that  caffeine  can 
inhibit  the  checkpoint  response  without  inhibiting  ATR- ATM 
kinase  activity  in  vivo  (11),  leaving  open  the  possibility  that 
these  kinases  may  still  be  responsible.  In  any  case,  these  data 
indicate  that  the  rate  and  extent  of  RPA2D  (and  RPA2wt) 


localization  to  sites  of  DNA  damage  correlate  with  the  degree 
of  DNA  damage  sustained  during  stress. 

Localization  of  endogenous  hyperphosphorylated  RPA.  The 
properties  of  endogenous  hyperphosphorylated  RPA  were  ex¬ 
amined  using  an  antibody  generated  against  an  RPA2  peptide 
doubly  phosphorylated  on  serine  residues  4  and  8.  Lysates 
prepared  from  untreated  or  CPT-treated  U2-OS  cells  were 
probed  with  either  a  general  RPA2  antibody  or  the  pSer4/ 
pSer8-RPA  antibody  (Fig.  9J).  The  phosphospecific  antibody 
selectively  recognized  a  species  from  CPT-treated  cells  that 
comigrated  with  hyperphosphorylated  RPA2  by  Western  blot¬ 
ting  analysis.  Prior  incubation  of  the  CPT-treated  lysates  with 
phosphatase  resulted  in  the  loss  of  both  the  hyperphosphory¬ 
lated  RPA2  form  and  reactivity  by  the  phosphospecific  anti¬ 
body.  We  conclude  that  the  phosphospecific  antibody  recog¬ 
nizes  a  hyperphosphorylated  RPA2  species  that  is  modified  on 
Ser4  and  Ser8. 

The  phosphospecific  antibodies  were  used  to  examine  the  lo¬ 
calization  of  the  pSer4/pSer8  form  of  RPA  in  untreated  U2-OS 
cells  and  in  cells  treated  with  HU  alone  or  with  HU  and  caffeine. 
In  control  cells  or  in  cells  treated  only  with  HU  (Fig.  9D  and  E), 
little  if  any  pSer4/pSer8-RPA  staining  was  detected.  Following 


bars)  signal.  The  fractions  of  cells  showing  chromatin-bound  RPA  were  quantified  by  visual  inspection  of  100  to  200  cells.  The  bar  graph  values  were  calculated  as  described  in  Materials  and  Methods. 
Note  that  although  RPA2wt  staining  is  consistently  detected  in  a  greater  fraction  of  cells  than  RPA2D  staining,  this  result  is  expected  because  RPA2wt  can  be  observed  both  at  replication  centers  and 
at  DNA  damage  foci  while  RPA2D  localizes  only  to  damage  foci.  (N)  Effects  of  stress  and  caffeine  treatment  on  endogenous  RPA2  phosphorylation.  U2-OS  cells  were  mock  treated  (mock)  or  treated 
with  either  1  |jlM  CPT  for  1  or  3  h,  2.5  mM  HU  for  1  or  3  h,  5  mM  caffeine  (c)  for  3  h,  2.5  mM  HU  for  1  or  3  h  in  the  presence  of  5  mM  caffeine  or  with  7  |xM  aphidicolin  (A)  for  3  h  and  7  |jlM 
aphidicolin  for  1  or  3  h  in  the  presence  of  5  mM  caffeine.  The  band  labeled  RPA2'  represents  nonphosphorylated  RPA,  while  P-RPA2  indicates  the  position  of  phosphorylated  RPA. 
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FIG.  9.  Endogenous  phosphorylated  RPA  (P-RPA2)  does  not  localize  to  sites  of  DNA  synthesis.  (A  to  F)  U2-OS  cells  were  either  mock  treated 
(A  and  D)  or  treated  with  2.5  mM  HU  for  3  h  (B  and  E)  or  with  2.5  mM  HU  and  5  mM  caffeine  for  3  h  (C  and  F).  The  cells  were  extracted  to 
visualize  the  chromatin-bound  form  of  RPA,  fixed,  and  then  stained  either  with  anti-RPA2  (A  to  C)  or  anti-pSer4/pSer8-RPA2  (D  to  F)  antibody. 
(G  to  I)  U2-OS  cells  were  either  mock  treated  or  treated  with  1  |jlM  CPT  for  30  min,  followed  by  an  additional  2.5-h  incubation  in  medium  lacking 
CPT.  The  cells  were  incubated  with  10  |jlM  BrdU  for  15  min  prior  to  being  processed.  The  cells  were  then  extracted  to  visualize  the  chromatin- 
bound  form  of  RPA,  fixed,  and  stained  either  with  anti-pSer4/pSer8-RPA2  (G)  or  anti-BrdU  (H)  antibody.  (I)  Merged  staining  pattern.  (J)  Extracts 
prepared  from  mock-treated  or  CPT-treated  (1  |jlM  for  3  h)  cells  were  subjected  to  Western  blotting  (W)  analyses  using  either  anti-RPA2  (34A) 
monoclonal  antibody  (anti-RPA2)  or  a  rabbit  anti-pSer4/pSer8-RPA2  antibody  (anti-P-RPA2).  CPT-treated  extracts  were  also  incubated  with  X 
protein  phosphatase  (XPPase),  as  indicated. 


treatment  with  both  HU  and  caffeine,  the  cells  showed  a  dramatic 
increase  in  pSer4/pSer8-RPA  staining  (Fig.  9F).  The  staining  pat¬ 
tern  was  nearly  identical  to  that  of  total  RPA2  (compare  Fig.  9C 
and  F),  and  also  showed  good  overlap  with  7-H2AX  staining 


(data  not  shown).  The  colocalization  of  pSer4/pSer8-RPA  with 
sites  of  DNA  synthesis  was  also  examined.  Cells  were  treated  with 
CPT  and  then  incubated  with  BrdU.  The  areas  of  pSer4/pSer8- 
RPA  staining  did  not  colocalize  with  sites  of  remaining  DNA 
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synthesis  to  any  significant  degree  (Fig.  9L).  A  majority  of  the 
RPA  pool  is  hyperphosphorylated  under  these  conditions  (Fig. 
8N),  rendering  similar  experiments  using  general  RPA2  antibod¬ 
ies  uninformative.  We  conclude  that  the  hyperphosphorylated 
form  of  RPA  localizes  only  to  chromatin  following  DNA  damage 
and  is  not  significantly  associated  with  sites  of  chromosomal  DNA 
synthesis. 

DISCUSSION 

We  find  that  the  RPA2D  mutant  that  mimics  the  hyperphos¬ 
phorylated  state  is  prevented  from  stable  association  with  rep¬ 
lication  centers  in  vivo.  The  lack  of  association  with  sites  of 
DNA  synthesis  is  also  observed  for  endogenous  hyperphospho¬ 
rylated  RPA  and  is  not  a  result  of  competition  with  the  non- 
phosphorylated  protein.  Importantly,  the  RPARPA2D  protein 
has  activity  equivalent  to  the  wild-type  protein  both  in  ssDNA 
binding  (4)  and  in  SV40  DNA  replication  in  vitro.  The  inher¬ 
ent  activity  of  hyperphosphorylated  RPA  or  RPARPA2D  in  vivo 
also  appears  normal  because  genotoxic  stress  causes  these 
RPA  species  to  localize  to  DNA  damage  foci  similarly  to  en¬ 
dogenous  RPA2  and  RPA2wt.  Our  data  therefore  indicate  that 
the  chromosomal  DNA  replication  machine  has  the  ability  to 
discriminate  between  RPA  species  with  different  phosphoryla¬ 
tion  states.  In  addition  to  providing  a  means  to  regulate  RPA 
loading  and  hence  DNA  replication,  RPA  phosphorylation 
also  has  the  potential  to  mark  sites  of  DNA  damage  or  repli¬ 
cation  stress  for  recruitment  of  repair  factors. 

Our  data  suggest  a  novel  feature  of  eukaryotic  DNA  repli¬ 
cation,  namely,  that  RPA  is  actively  loaded  onto  the  ssDNA  by 
the  chromosomal  replication  machinery.  This  model  arises 
from  the  fact  that  RPARPA2D,  and  by  inference  hyperphospho¬ 
rylated  RPA,  is  inherently  active  in  binding  the  ssDNA  at  a 
DNA  replication  fork  but  is  unable  to  do  so  in  vivo.  The  most 
logical  explanation  is  that,  as  the  duplex  DNA  is  unwound  by 
the  advancing  DNA  helicase,  the  hypophosphorylated  RPA  is 
loaded  onto  the  ssDNA  by  protein  components  of  the  replica¬ 
tion  fork  machinery.  One  could  easily  envision,  for  example, 
that  the  minichromosome  maintenance  (MCM)  complex,  sug¬ 
gested  to  be  the  eukaryotic  replicative  helicase  (29)  and  known 
to  interact  with  RPA  (55),  would  load  RPA  molecules  in  a 
step-by-step  fashion  as  the  ssDNA  is  generated.  Selective  bind¬ 
ing  of  nonphosphorylated  RPA  (i.e.,  endogenous  RPA, 
RPARPA2wt,  or  RPARPA2A)  to  MCM  would  therefore  allow 
this  RPA  species  to  bind  only  to  unwound  DNA.  (The  MCM 
complex  is  not  involved  in  SV40  DNA  replication.)  How¬ 
ever,  RPA  interacts  with  various  proteins,  including  the  DNA 
polymerase  a-DNA  primase  complex  (14),  and  RPA  phos¬ 
phorylation  has  been  found  to  inhibit  the  association  with 
DNA  polymerase  a  (34).  Thus,  discrimination  of  the  RPA 
phosphorylation  state  can  be  achieved  by  these  or  other  rep¬ 
lication  factors.  One  alternative  model  that  does  not  require 
concerted  RPA  loading  would  involve  a  discrimination  filter 
that  prevents  access  of  the  phosphorylated  RPA  to  the  repli¬ 
cation  fork.  The  nature  of  such  a  filter  would  be  difficult  to 
envisage. 

DNA-damaging  stress  relieves  the  inhibition  of  RPARPA2D 
chromatin  binding  and  causes  RPARPA2D  association  with 
DNA  damage  foci,  as  evident  by  colocalization  with  y-H2AX. 
That  HU  causes  RPARPA2D  foci  to  form  and  increases  the 


level  of  RPA2  phosphorylation  while  aphidicolin  does  neither 
indicates  that  replication  fork  blockage  is  not  sufficient  for 
RPARPA2D  chromatin  binding  but  that  the  presence  of  DNA 
damage  or  aberrant  replication  fork  structures  is  also  required. 
This  conclusion  is  strengthened  by  our  observation  that  inhi¬ 
bition  of  ATR-  or  ATM-mediated  checkpoint  response  by 
caffeine  stimulates  the  rate  of  RPA  association  with  DNA 
damage  foci.  Mutation  of  MEC1,  the  Saccharomyces  cerevisiae 
ATR  homolog,  is  known  to  cause  the  collapse  of  DNA  repli¬ 
cation  forks  that  have  been  stalled  by  treatment  with  HU  or 
methyl  methanesulfonate  (32,  45),  and  such  treatment  leads  to 
the  production  of  long  ssDNA  regions  (43).  Because  of  the 
high  affinity  of  RPA  for  ssDNA  (27,  52),  we  propose  that  the 
increased  availability  of  ssDNA  releases  the  constraints  on 
RPA  loading  seen  during  normal  S-phase  progression.  Thus, 
under  damage  conditions,  the  RPA  phosphorylation  state  no 
longer  regulates  the  association  of  RPA  with  chromatin. 

Our  data  indicate  that  hyperphosphorylated  RPA  is  prefer¬ 
entially  associated  with  sites  of  DNA  damage.  The  specific 
association  of  repair  factors  with  this  modified  form  of  RPA 
would  therefore  provide  a  mechanism  to  recruit  repair  factors 
to  sites  of  DNA  damage.  Interestingly,  the  ATRIP- ATR  com¬ 
plex  has  been  found  to  sense  damaged  DNA  by  recognition  of 
RPA-ssDNA  complexes.  Clearly,  RPA  phosphorylation  has 
the  potential  to  regulate  the  binding  of  ATRIP-ATR  and 
thereby  modify  the  cellular  checkpoint  response.  Although  our 
examination  of  RPA2D  expression  did  not  detect  any  notable 
effects  on  cell  cycle  progression,  it  will  be  interesting  to  exam¬ 
ine  whether  RPA2D  and  RPA2a  expression  in  cells  lacking 
endogenous  RPA  alters  cellular  proliferative  capacity  or  re¬ 
sponse  to  DNA  damage. 

Finally,  our  data  indicate  that  hyperphosphorylation  of  RPA 
can  limit  its  ability  to  support  chromosomal  DNA  replication.  It  is 
unlikely  that  this  mechanism  alone  could  cause  significant  reduc¬ 
tions  in  the  level  of  DNA  synthesis  during  genotoxic  stress.  Under 
severe  stress  conditions,  such  as  1-h  exposure  to  1  pM  CPT  (Fig. 
8N)  or  irradiation  with  30  J  of  UV  light/m2  (53),  the  hyperphos¬ 
phorylated  form  of  RPA  contributes  —50%  of  the  total  RPA  pool 
prepared  from  asynchronous  cells.  Even  though  the  fraction  of 
hyperphosphorylated  RPA  may  be  higher  in  S-phase  cells,  these 
data  suggest  that  enough  hypophosphorylated  RPA  would  be 
available  to  sustain  DNA  replication.  That  being  said,  we 
and  others  have  found  that  stress  conditions  also  lead  to  the 
inhibition  of  RPA  activity  by  other  processes  (9,  30,  48), 
including  sequestration  of  RPA  by  nucleolin  (12,  47).  Com¬ 
bined,  these  data  suggest  that  inhibition  of  RPA  activity  by 
multiple  mechanisms  can  serve  to  repress  chromosomal 
DNA  replication  following  stress. 
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As  li  small  boy,  1  frequently  visited  nearby  woods  where  a  favored  pastime  was  to  over¬ 
turn  rocks  on  the  forest  floor.  More  often  than  not,  I  would  discover  a  new  sub-tocca  world 
teeming  with  life.  Nowadays*  having  less  time  to  gambol  ch rough  the  woods  and  my 
curiosity  focusing  on  biological  questions,  a  similar  enjoy  me  nr  can  be  obtained  from  learning 
of  ties  of  known  factors  to  unanticipated  processes.  An  example  is  provided  by  various 
recent  findings  relating  to  Topoisomerase  Hot  (Topo  11),  including  the  work  of  Lee  and 
colleagues  who  found  that  this  enzyme  can  be  isolated  in  a  complex  containing  factors 
involved  in  RNA  processing  and  transcription.1 

Topo  II  has  been  known  to  play  key  roles  at  two  primary  stages  during  the  cdl  cycle, 
[u  preparation  for  mitosis  and  cytokinesis*  Topo  II  acts  in  concert  with  the  condensin 
complex  to  condense  the  chromosomes  10,000-fold  into  the  mitotic  structures.  A  second 
requirement  for  Topo  II  arises  because  tile  process  of  DNA  replication  invariably  leads  to 
entanglement  of  the  chromosomes,  links  between  DNA  molecules  that  must  be  resolved 
or  the  genomic  information  becomes  endangered.  Decatenation  activity  is  primarily 
provided  by  Topo  II  which  functions  as  the  sister  chromatids  are  preparing  to  segregate  to 
the  opposite  cellular  poles.  Both  condensation  and  decatenation  utilize  the  ATP-dependent 
strand  passage  activity  ofTopo  II, 

When  biochemically  screening  for  novel  nuclear  kinases  that  modify  RNA  processing 
factors  containing  serine/arginine  (SR)  dipeptide  repeats,  Lee  et  al  isolated  a  large  complex, 
termed  the  toposome*  containing  a  known  SR  kinase,  SRPK1  d  Modification  of  SR  proteins 
by  members  of  the  SRPK  and  functionally  related  C  Ik/ Sty  families  promotes  nuclear  import 
and  recruitment  to  nascent  transcripts  for  RNA  splicing.3  In  addition  to  containing  other 
factors  with  known  roles  in  transcription  (RNA  hehcasc  A  and  SSRPI  )*  pre-mRNA  splicing 
(PRPH  and  hnRNP  C),  and  RNA  processing  (RHII/Gu),  the  toposome  complex  also 
contained  Topo  I L  That  the  association  is  functionally  meaningful  is  Indicated  by  the  finding 
that  the  toposome  has  higher  decatenation  activity  on  chromatin  substrates  compared  to 
isolated  Topo  1L  and  forms  in  a  cell  cycle- regulated  manner  widi  highest  levels  detected 
during  mitosis. 

The  findings  have  a  touch  of  deja  vu  to  the  functional  association  ofTopo  II  with 
condensin,  a  pentameric  complex  comprised  by  SMC2,  SMC4,  CapG,  CapD2,  and  CapH/ 
Barren.  The  Cap  H/ Barren  subunit  of  condensin  can  both  bind  Topo  II  and  stimulate  its 
relaxation  activity  and  these  two  factors  colocalize  on  mitotic  figures/*  Conditional  knock¬ 
outs  of  the  SMC2  subunit  in  chicken  cells  are  defective  in  proper  localization  ofTopo  II 
on  mitotic  chromosomes,  and  reduce  Topo  II  levels  at  centromeres,'1  Future  characteri¬ 
zation  of  the  toposome  will  require  similar  investigation  of  the  possible  colocal Lzaricm  of 
Topo  II  with  the  other  toposome  factors  on  mitotic  chromosomes.  Such  studies  will  not 
only  reveal  whether  the  toposome  is  bound  to  chromatin  during  mitosis,  but  indicate  if 
die  toposome  complex  occurs  at  all  Topo  1 1  bound  sites  or  only  a  subset  of  these  targets. 
It  is  known  that  die  sequences  with  which  Topo  II  associates  in  vitro  are  somewhat  different 
than  those  it  binds  in  vivo.  Moreover,  chromatin  structure  has  a  strong  influence  on  the 
binding  preference  ofTopo  II  to  centromedc  sites.  Thus,  it  is  conceivable  that  formation 
of  the  toposome  alters  the  binding  preferences  ofTopo  It  to  particular  chromatin  struc¬ 
tures.  If  apparent  toposome  complexes  exist  on  mitotic  chromosomes,  the  effect  of  disruption 
or  inhibition  of  toposome  components  other  than  Topo  II  should  provide  unambiguous 
answers  as  to  whether  the  major  role  of  the  toposome  relates  to  the  known  roles  ofTopo  !  I 
in  chromosome  condensation  and  separation. 

As  mentioned  above,  Lee  er  al  observed  that  the  toposome  apparently  assembles  as  cells 
are  entering  mitosis,  as  only  low  levels  of  rhe  complex  were  seen  in  cells  at  the  G^S  boundary 
or  in  S  phase.  Topo  II  has  heightened  phosphorylation  at  the  G,/M  transition  and  this  is 
apparently  catalyzed  by  protein  kinase  C  {PRO  and  p34cdc2.  '^  Therefore,  it  would  not  be 
unexpected  that  modification  increases  the  affinity  ofTopo  II  for  other  toposome  components. 
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Test  of  the  effects  of  mutation  of  the  PKC  and  p34cdc2  sites  cm 
Topo  1  i  would  clarify  the  significance  of  phosphorylation  on  toposome 
formation,  and  separate  these  effects  from  direct  changes  in  Topo  II 
activity  per  se.  Recent  evidence  also  demonstrates  that  S.  cerevkiae 
and  Xmopus  Topo  11  undergo  conjugation  to  SUMO,  with  disruption 
of  this  modi  heat  lo  n  res  ulting  i  n  d  elect  i  ve  s  i  s  te  r  c  h  ro  mat  i  d  d  iss  o  c  i- 
ation  and  centromere  cohesion.91"  1  nXcnopus,  SUMO  conjugation 
occurs  during  mitosis,19  and  this  modification  clearly  has  rhe  potential 
to  regulate  Topo  II-protein  interactions.  Other  toposome  components 
are  also  modified  by  phosphorylation,  acetylation,  etc.,  and  reciprocal 
changes  in  the  modification  patterns  of  these  other  factors  could  also 
regulate  toposome  formation. 

What  is  the  significance  of  the  association  of  the  RNA  spiking 
and  processing  components  with  the  toposome?  Recent  data  by  other 
laboratories  lead  to  the  suggestion  that  the  toposome  may  be 
involved  in  here  ro  chromatin  formation.  Topo  II  has  a  dynamic  asso¬ 
ciation  with  nuclear  speckles  that  are  thought  to  represent  depots  of 
splicing  factors,  and  this  pool  is  in  equilibrium  with  Topo  II  involved 
in  RNA  polymerase  II  transcription.1 1  Topo  II  also  localizes  to  hete- 
ro chromatic  regions  in  a  DNA  replication-dependent  fashion.11 
These  data  can  be  coupled  to  the  finding  that  two  different  histone 
deacetylases  (HDACl  and  HDAC2)  physically  interact  with  Topo  II 
with  reciprocal  regulation  of  their  activities.17  Because  of  the  emerging 
role  For  short  noncoding  RNA  molecules  in  assembling  heterochro* 
matin, 1:1  a  possibility  to  be  entertained  is  that  Topo  II  is  coupled  to 
the  RNAi  machinery  via  toposome  components.  The  toposome  would 
therefore  facilitate  the  maintenance  of  hereto  chromatin  structure 
following  passage  of  the  DNA  replication  fork. 

Lastly,  because  Topo  II  is  an  abundant  factor  on  chromatin  during 
mitotis,  association  with  Topo  11  in  the  toposome  may  allow  for  die 
proper  distribution  of  splicing  factors  to  daughter  cells  as  passenger 
proteins.  During  mitosis,  a  large  number  of  factors,  many  involved 
in  RNA  processing  or  ribosome  biogenesis  such  as  fibrillar! n,  nude- 
ophosmin,  and  ribosomal  protein  SI,  become  associated  with  con¬ 
densed  chromosomes.14  Among  other  roles  (e.g.,  protection  of 
mitotic  chromosomes),  chromosome  association  has  been  postulated 
to  allow  relatively  equal  partitioning  of  such  factors  ro  daughter  cells. 

Clearly,  many  questions  are  raised  by  the  intriguing  association  of 
Topo  11  with  RNA  processing  and  transcription  factors  in  die  topo¬ 
some.  The  literature  is  now  becoming  rife  with  examples  of  proteins 
that  have  distinct  activities  in.  at  first  glance,  unrelated,  processes. 
The  work  of  my  own  laboratory  finds  that  nucleolin,  a  protein  with 
established  roles  in  ribosome  biogenesis  and  pre-rRNA  processing, 
can  also  inhibit  DNA  replication  following  heat  shock  and  genotoxic 
stress.  15,1  6  As  o  u  r  u  a  demand  i  rig  of  biol  og  i  cal  p  ro  cesses  m  aru  res,  a  n 
important  but  arduous  goal  will  be  to  decipher  how  the  disparate 
processes  of  rhe  cell  are  integrated  into  a  unified  whole. 
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